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AÇIK KANALLARDAKİ FARKLI ŞEKİLLERE SAHİP TEKİL DOĞAL 
BİTKİLERİN HİDROLİK KARAKTERİSTİKLER ÜZERİNDEKİ ETKİSİ  
ÖZET 
Son yirmi yıldır artan çevre bilinci ile birlikte akarsu yatağındaki bitkilerin akım 
alanı üzerine etkisini araştıran çalışmalara olan ilgi oldukça artmıştır. Ancak bu 
alanda farklı türde bitki topluluklarının akım alanı üzerine etkisini araştıran pek çok 
araştırma yapılmış olmasına rağmen geniş gövdeli tekil ağaçlar gibi bitki türlerinin 
akım alanı üzerine etkisi henüz yeterince anlaşılmış değildir. Bu çalışmada bir akım 
ortamındaki tekil doğal bitkilerin akımın hız ve türbülans karakteristikleri üzerine 
etkisini araştırmayı amaçlayan iki boyutlu deneyler gerçekleştirilmiştir. Deneylerin 
tamamı 26 m uzunluğunda, 0.98 m genişliğinde ve 0.85 m derinliğindeki akım 
kanalında gerçek bitki fidanları kullanılarak gerçekleştirilmiştir. Taşkın yataklarında 
sıkça rastlanan bu doğa olayını analiz etmek amacıyla, geniş gövdeli ağaçlar hacim 
yükseklik değişimleri gözönüne alınarak üç başlıca sınıfa ayrılmıştır. Hız 
ölçümlerinde üç adet akustik Doppler velocimeter kullanılmıştır. Analiz aşamasında 
akım doğrultusundaki ve düşeydeki zamansal ortalama hız bileşenleri, akım 
doğrultusundaki ve düşeydeki türbülans bileşenleri ve türbülans kinetik enerjileri 
araştırılmıştır. Buna ilave olarak bitkinin mansab tarafında, bitkiden belirli bir 
mesafeye sahip konumda, bitkinin mimari özelliklerinin bir fonksiyou olarak hız 
profilini veren bir eşitlik elde edilmiştir. Elde edilen eşitliğin geçerliliği deney 
verileri aracılığı ile sınanmıştır. Deneyler sonucunda geçirimli yapılarına rağmen 
akım ortamındaki bitkilerin akımı kayda değer ölçüde etkilediği ve neden oldukları 
türbülans ile önemli miktarda enerjiyi kırdıkları görülmüştür. 
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THE IMPACT OF DIFFERENT FORMS OF SINGLE NATURAL 
VEGETATIVE ELEMENTS ON HYDRAULIC CHARACTERISTICS IN 
OPEN CHANNELS 
SUMMARY 
In the last two decades with the increasing environment awareness there is a growing 
interest on studies which attempt to understand the impact of vegetation on flow field 
in river and estuarine systems. Although in the past great attention has been devoted 
to explore the impact of vegetation community on flow pattern, the effect of singular 
vegetative element, such as trees with large trunk, on flow and turbulence pattern is 
not yet known.  
In this study two dimensional experimental measurements, which aim to explore the 
impact of presence of natural singular vegetative elements on velocity and turbulence 
characteristics, were conducted. All the experiments were conducted in the flume 
with the size of 26m in length, 0.98m in width and 0.85m in depth and real tree 
saplings were utilized to represent the vegetative effect. In order to analyze this 
commonly observed nature phenomenon, trees with large trunk were classified into 
three groups on the basis of their volume versus height relation. Throughout the 
velocity measurements three Acoustic Doppler Velocimeters were employed. During 
the analysis time averaged streamwise and vertical velocity components, streamwise 
and vertical turbulence intensities and turbulence kinetic energy parameters were 
examined.  Additionally a formulation, which gives the velocity profile at a certain 
downstream distance of vegetation, was introduced and the validity of the proposed 
formulation was verified with experimental data. Furthermore it was seen that 
despite their porous structures, the presence of vegetation considerably disturbs the 
flow field and dissipate a remarkable amount of energy by turbulence. 
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1. INTRODUCTION  
1.1. Introduction  
When the history of river engineering is examined, it is seen that there are two major 
concepts that is adopted by hydraulic researchers. Practitioners’ designed straight and 
concrete lining channels for long years since it is uncomplicated to describe and 
solve the problem and also easier to construct the project in the field. However, this 
concept brought along with some problems. For instance, it was noted that in these 
sorts of straight channels, flow velocity considerably increases and this leads to 
potential risk of flood (Mas, 2004). As an alternative to this approach, in recent years 
a new concept called “river restoration” appeared. The primary objective of river 
restoration is to revitalize aquatic ecosystem and to minimize flood hazard as 
riverbanks are often considered as valuable agricultural lands (Mas, 2004). Further, 
Stephan and Gutknecht (2002) pointed out that natural roughness such as bank and 
floodplain vegetation, irregular cross-sections as well as bed roughness of different 
textures are often recommended for enhancing the variability in stream bed 
morphology and for improving habitat development. Furthermore, emergent 
vegetation along rivers and in floodplains consumes great momentum from flow and 
is often found to be in the region with the most roughness (Fathi-Maghadam and 
Kouwen, 1997). On the other hand, presence of vegetation in bank and floodplains 
remarkably reduce channel capacity. Stephan and Gutknecht (2002) emphasized 
that in addition to ecological improvements due to macrophyte growth, there are also 
unfavourable hydraulic effects such as reduced cross-sectional area and increased 
river roughness. Increased roughness, that is, increased resistance causes a higher 
water level in vegetated regions compared to unvegetated regions. However, today 
the current environmental river restoration approach prefers to keep the natural 
riverbank and floodplain vegetation (Jarvela, 2002a). Estimation of the roughness 
coefficient with a sufficient accuracy in natural channel and flood plain systems is 
extremely important in many construction and river engineering problems. The depth 
of flow is mainly function of present vegetation specie, density etc. where flow 
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passes through a vegetated field. In areas where the flow is through vegetation, the 
depth may be largely determined by the existing type of vegetation (Fathi-
Maghadam and Kouwen, 1997).  
In addition to these arguments, presence of vegetation in flow areas is an important 
element at the design stage of water resources. Examples where vegetation plays a 
major role are 1) rivers with heavily vegetated floodplains 2) roadside drainage 
ditches with thick tall vegetation; and 3) channels choked with aquatic weeds 
(Petryk and Bosmajian, 1975). Another aspect of the problem that determination of 
sediment transport in open channels is vital issue for hydraulic structures such as 
dams, power plants and turbines since sediment transport rate control the life of these 
hydraulic structures. It has been generally agreed that vegetation increases flow 
resistance, changes backwater profiles, and modifies sediment transport and 
deposition (Yen, 2002) Estimation of life of a dam correctly is quite important issue 
in terms of engineering concept. The flow and sediment transport characteristics in 
vegetated channels largely determined by vegetation depending on the vegetation 
type, density, branch pattern and flexural rigidity etc. Similarly, in civil and 
landscape engineering in order to mitigate soil erosion, vegetation is commonly used 
to attenuate the velocity of the wind (Bache and MacAskill, 1984). According to 
Sellin (2003), from a practical point of view, it is advisable that the vegetation on 
bank and floodplain should be trimmed from their base in autumn and should be left 
them as are during the year. In this way, whilst vegetation increases the stabilization 
of the bottom they do not reduce the conveyance capacity of the channel. 
1.2. Objectives 
Some of the different aspects of the issue are discussed above. In the light of these 
facts, there is a growing interest on studies which effort to understand the impact of 
vegetation on flow field in river and floodplain systems. This explosion of interest is 
yield of the new concept described above. On the basis of this concept, many 
attempts have been undertaken to explore the interaction between flow and 
vegetation where flow through vegetation. Even though in the past large effort has 
been devoted to further understand the influence of a plant community on flow 
domain, the impact of a single vegetative elements on flow is not fully understood 
yet. Based on this idea, an experimental study was performed in Hydraulic 
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Laboratory of Istanbul Technical University. The major goal of this study was to 
further understand the effect of different forms of natural vegetative elements on 
flow characteristics.  
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2. LITERATURE REVIEW 
2.1 Hydraulic Resistance in Vegetated Channels  
Estimation of the flow resistance with an acceptable accuracy has great importance in 
river management, as it significantly affects the conveyance capacity of the channel, 
depth of the flow, velocity profile and hence sediment transport. Flow resistance 
problems in vegetated flow areas may be roughly classified into two groups: flow over 
submerged, short vegetation and flow through non-submerged, tall vegetation. Recent 
approaches in experimental studies as well as two and three-dimensional numerical 
models have used a drag force approach to model the stem drag imposed by plants. Li 
and Shen (1973) described four different factors that should be accounted in 
determining the drag coefficient: (1) the effects of open channel turbulence; (2) the 
effect of non-uniform velocity profile; (3) the free surface effects; and (4) the effects of 
blockage. Later on, Linder (1982) concluded that in densely vegetated channels, first 
two of these are of minor importance and can be neglected. In fact, the contribution of 
different vegetative roughness types to the total flow resistance largely depends on the 
type and combination of vegetation and exhibits considerable variability in time and 
space (Jarvela, 2004a). Jarvela (2004a) illustrated this by two examples considering a 
floodplain growing dense willows and grasses. First, in middle of a growing season, 
leaves on willows are likely to dominate the total drag, and bottom grasses may be only 
a minor source of flow resistance. Second, in winter, when the willows are leafless, the 
bottom grasses may contribute more than the willow stems to the total flow resistance.  
The flow resistance through a given vegetated area is a function of many variables, i.e. 
velocity, distribution of vegetation in the streamwise vertical and lateral directions, 
roughness of the channel boundary as well as structural and hydrodynamic properties 
associated with the stems and leaves of the plants. In large number of studies, vegetative 
roughness were modeled or formulated treating plants as rigid cylinders (Nepf and 
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Vivoni, 2000; Nezu and Onitsuka, 2001, Shimuzu and Tsujimoto, 1994; Lopez and 
Garcia, 2001, Fisher-Antze et al., 2001; Cui and Neary, 2002; Choi and Kang; 
2004). Another group of researchers (Kouwen and Unny, 1973; Wu at al., 1999; 
Wilson et al., 2003, Baptist, 2003) have used different artificial flexible elements to 
simulate plants in laboratory conditions. Owing to difficulties in simulating plants in the 
limited laboratory conditions, fewer experimental studies have been conducted with real 
plants (Hasegawa et al., 1999; Jarvela, 2002a; Stephan and Gutknecht, 2001; 
Wilson and Horritt 2002; Fathi-Maghadam and Kouwen, 1997; Kouwen and Fathi, 
2000; Carollo et al., 2002; Rauch, 2005). However, representing the vegetative 
roughness with rigid stems has some drawbacks. Normally, for rigid stems, the drag is 
expected to increase with the square of the velocity. However, Fathi-Maghadam and 
Kouwen (1997) found that drag appears to have a linear relationship due to deflection of 
plant foliage area and reduction of drag coefficient with increasing the flow velocity for 
flexible roughness such as real tree models. Erduran and Kutija (2003) have 
introduced a quasi-three dimensional numerical solution and in order to take into 
account vegetation deflection they used cantilever beam theory. Further, Çelik and 
Kabdaşlı (2004) investigated the bending effect of the plants on velocity profiles. This 
is followed by Wilson et al. (2006a), who investigated the influence of the applied 
simulation techniques (i.e. rigid stem or natural plant) on drag force and on velocity 
profiles. Wilson et al. (2006a) found that usage of uniform cylinder analogy resulted in 
an underestimation of the drag force in the region close to the bed and hence 
overestimation of both the velocity and the bed shear stress. In this section, the studies 
focused on hydraulic resistance in vegetated channels will be summarized as concise as 
possible.  
In the literature one of the other first studies on vegetation - flow interaction is presented 
by Petryk and Bosmajian (1975). In their study, Petryk and Bosmajian (1975) 
proposed an analytical expression solving Manning Equation for the control volume 
where the flow occurs through vegetation. Considering the importance of understanding 
the assumptions and derivations of analytical solutions for practicing engineers, the 
derivation and assumptions of this expression is presented herein. Moreover it should be 
kept in mind that the assumptions limit the utilization of this proposed formula.  
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Petryk and Bosmajian (1975) used a relatively simple method to derive the flow 
resistance properties of emergent vegetation. In order to simplify the solution they 
assumed that the velocity is small enough to prevent a large degree of plant bending. 
Therefore, the projected area in the streamwise direction is not a function of the velocity. 
In fact, this assumption makes valid the solution only for where the vegetation is large 
woods (Freeman et al., 2000). Besides, normally drag is expected to increase with the 
square of velocity. However, Fathi and Kouwen (1997) showed that for flexible 
roughness, drag appears to be linear relationship due to deflection of the plant foliage 
area (momentum absorbing area) and reduction of drag coefficient CD with increasing 
velocity. Petryk and Bosmajian (1975) assumed the vegetation is distributed relatively 
uniformly in the lateral direction and large variations in average velocity do not occur 
laterally across the channel. Another assumption which was adopted by the researchers 
was that maximum flow depth is less than or equal to the average height of the 
vegetation, and large variations in flow velocity do not occur over the flow depth.  
From momentum considerations, they equated the sum of the forces in the x direction to 
zero (see Figure 2.1). 
∑ = 0Fx  (2.1) 
In this case pressure forces in the x direction cancel, and the remaining forces are 
gravity, shear forces on the boundary caused by viscosity, wall roughness and drag 
forces on the plants. Equation 2.1 expands to give: 
0PLτDγALS wi =−−∑  (2.2) 
in which γ = specific weight of the liquid; A = cross-sectional area of flow; L = length of 
the channel; S = bed slope of channel; FD = drag force on the ith plant; τw = shear force 
per unit area on the channel boundary; and P = the wetted perimeter of channel. 
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Figure 2.1: Flow resistance model which was written by Petryk and Bosmajian (1975) 
The drag force on each plant may be described by 
i
2
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1F ==  (2.3) 
in which CD = the drag coefficient for the vegetation; Vi = the average approach velocity 
to the ith plant in the streamwise direction; and g = gravitational constant. The average 
boundary shear stress, τw, is conventionally derived in the form 
ew SP
Aγτ ⎟⎠
⎞⎜⎝
⎛=  (2.4) 
in which Se = the energy gradient due to the average shear stress on the boundary. 
Substituting the Manning formula which has the following form in English unit system 
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into Equation 2.4, the following result is obtained for shear stress: 
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in which V = the area mean velocity; and nb = Manning’s boundary roughness 
coefficient excluding the effect of vegetation.  
Substitution of Equations 2.3 and 2.6 into Equation 2.2, and assuming the approach 
velocity to each plant is V, 
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1,49
n
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2g
AVγC
γALS
1/32
b2i
2
d =⎟⎠
⎞⎜⎝
⎛⎟⎠
⎞⎜⎝
⎛−− ∑  (2.7) 
Dividing by γAL and solving for V2, the following expression is obtained. 
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Expressing the average velocity according to the conventional Manning formula, and 
equating to Equation 2.10, one obtains 
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in which n is the total roughness coefficient including boundary and vegetation effects. 
Solving for n from Equation 2.9, the required result for n is 
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in which R = the hydraulic radius.  
Equation 2.10 which was proposed by Petryk and Bosmajian (1975) presents the “n” 
value in terms of the boundary roughness, nb, the hydraulic radius, R, and the vegetation 
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characteristics, ∑Ai/(AL)Cd . The expression ∑Ai/(AL)Cd represents the vegetation 
area per unit length of channel per unit area of flow.  
Petryk and Bosmajian (1975) noted two limiting solutions for Equation 2.10:  1) for 
the case of no vegetation, i.e. 0Ai/(AL)Cd =∑ , and the expected result n = nb,  2) for the 
case in which most of the flow resistance is caused by vegetation, the second term in 
Equation 2.10 is much greater than 1 or 
1R
n
1,49
2gAL
AiCd 4/3
2
b
>>⎟⎟⎠
⎞
⎜⎜⎝
⎛∑  ( 2.11) 
 and Equation 2.10 reduces to 
4/3
2
b
id R
n
1,49
2gAL
AC
nbn ⎟⎟⎠
⎞
⎜⎜⎝
⎛= ∑  (2.12) 
or 
2gAL
AC
1,49Rn id2/3 ∑=  (2.13) 
As it may be seen from the Equation 2.13, the equation is valid for constant vegetation 
density. According to Petryk and Bosmajian (1975), this occurs in floodplains where 
the tree trunk is constant over the flow depth, or as the depth increases, the decrease in 
the trunk area is compensated by an increase in effective area due to branches and 
foliages. Furthermore, Petryk and Bosmajian (1975) found mean velocity by 
substituting Equation 2.13 into Manning formula, has a constant value of 
1/2
id
S
AC
2gALV ∑=  (2.14) 
and as expected, it is independent of the depth of flow.  
 10
In “flow-vegetation interaction” one of the primary complications is that there are 
different alternatives to define the reference area (e.g. wetted area, plan area), which can 
significantly influence the computed drag force. Among the other researchers, Wu et al. 
(1999) coupled the drag coefficient with the reference area into a bulk drag 
coefficient 'DC , and used the concept “projected plant area per unit volume”. Considering 
the practical importance of the study of Wu et al. (1999), the procedure briefly 
summarized below. 
Wu et al (1999) proposed the method for emergent and submerged vegetation which 
may be employed during the investigation of variation of roughness coefficient. They 
developed a simplified model based on force equilibrium to evaluate the drag coefficient 
of vegetal elements. The Manning’s equation is employed to convert the drag coefficient 
into the roughness coefficient. This process briefly as is described below.  
Wu et al. (1999) conceptually divided the cross-section into sub-areas corresponding to 
sidewalls (Aw) and the bed (Ab). In other words:  
A= Aw + Ab (2.15) 
and 
A= BD 
where B = channel width and D = flow depth for a rectangular channel.  
Further, they assumed that the average velocity is uniformly distributed over the entire 
cross-section. In this case for the metric system the Manning equation is as given below. 
1/22/3
w
w
SR
n
1V =  (2.16) 
1/22/3
b
b
SR
n
1V =  (2.17) 
in which V = Q/A = the average velocity, Q = the flow discharge, S = for uniform flow 
friction slope or water surface slope or bed slope; nw and nb are the sidewall and bottom 
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resistance respectively, Rw and Rb are the hydraulic radius corresponding to the walls 
and the bed respectively, and their expressions are: 
2D
AR ww =  (2.18) 
B
AR wb =  (2.19) 
Employing nw = 0.01 value which was given by Chow (1959) in the literature, Rw can 
be calculated. According to Fathi-Maghadam and Kouwen (1997) bed resistance, nw, 
dominated by the vegetative roughness rather than surface friction of the bottom. 
Therefore in their study, Wu et al. (1999) represented vegetative roughness coefficient 
employing nb. After calculating Rw, Aw, Ab, Rb, and nb, can be obtained.  
In order to estimate the drag coefficient for emergent condition of vegetation Wu et al. 
(1999) wrote force balance in the streamwise direction (Figure 2.2). 
FG=FD+FS (2.20) 
In which, 
2
ρV(TBL)CF
2
DG =  (2.21) 
Where FD = drag force exerted on the vegetation; FS = surface friction of the sidewalls 
and bottom; FG = the gravitational force; ρ = mass density of water; g = gravity constant. 
Further in their study Wu et al. (1999) based on the study of Fenzl (1962) suggested 
that FS is negligible. In such a case the drag of vegetation can be equated to the 
gravitational force (Equation 2.22), as shown in Figure 2.2.  
FG=FD (2.22) 
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Figure 2.2: Definition Sketch of Force Balance for Emergent Vegetation Condition 
(Wu et al., 1999)   
Wu et al. (1999) formulated classical drag force for vegetation: 
2
ρVLA)(CF
2
DD λ=  (2.23) 
where CD = drag coefficient; λ = vegetal area coefficient representing the area fraction 
per unit length of channel and the magnitude of λ is dependent upon the vegetation type, 
density, and configuration; and λAL = total frontal area of vegetation in the channel 
reach L. Equating FG and FD gives 
2D V
2gSC =′  (2.24) 
in which DC ′ =λCD.  
Also, Wu et al. (1999) obtained another drag coefficient expression for the submerged 
condition of vegetation. The derivation of the drag coefficient for submerged case is as 
given below. 
According to Wu et al. (1999) for the submerged case differing from the emergent case 
there is a shear force, Fτ , between the vegetation and the overflow to balance the 
gravitational force, FG1, for uniform flow (see Figure 2.3). In such a case the following 
expression is obtained. 
ρg(BHL)SFτ =  (2.25) 
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Figure 2.3: Definition Sketch of Force Balance for Submerged Vegetation Condition 
 (Wu et al., 1999)   
 
On the other hand, for the flow through the vegetation force balance becomes 
FD=FG2+Fτ (2.26) 
In which T = height of vegetation. Equation 2. 26 leads to  
2
V)(TBLCF
2
DD
ρλ=   (2.27) 
Using force equilibrium the following equation is obtained. 
2
2
V
gS
T
DCD ⎟⎠
⎞⎜⎝
⎛=′  (2.28) 
In their study, Wu et al. (1999) stated that their channel width-depth ratios are greater 
than 10 in most of the experiments. Further they also showed that the percentages of 
Ab/A are far far beyond those of Aw/A. This will lead to an immediate result of Rb ≅ D. 
Using Equation 2.17 as well as Equation 2.24 or Equation 2.28, one can convert the 
vegetal drag coefficient DC ′ to the roughness coefficient nb, i.e. 
'
3/2
2 Db
C
g
Dn ⎟⎟⎠
⎞
⎜⎜⎝
⎛= ;           '
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C
g
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⎛=  (2.29a,b) 
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Equations 2.29a and 2.29b are used for emergent and submerged vegetation, 
respectively. One may notice that Equation 2.29a coincides with the results of Petryk 
and Bosmajian (1975) for heavily vegetated situation due to the fact that DC ′  contains a 
factor of vegetation density λ.  
However the assumptions which were used by Wu et al. (1999) such “Fs is negligible 
compared with FD” and “bending of the mattress can be ignored” limit validity of the 
results for the real vegetation.   
Jarvela (2002a) experimentally investigated the resistance of natural grasses, sedges 
and willows for various combinations of these species (i.e. the combinations: only 
sedges, sedges with leafy willows, sedges with leafless willows, only leafless willows, 
grasses, grasses with leafless willows) and different density and spacing. He mainly 
explored how type density, placement, depth and velocity influence friction losses. 
During the tests, the head losses were determined via differential pressure transducer and 
based on those experimental data it was claimed that the friction factor decreased with 
increasing Reynolds number, except in the series of leafless willows on bare bottom soil 
(Figure 2.4). As may be concluded form the Figure 2.4, sedges and leafy willows give 
the highest values of f, and produce the most scattered plot, but distinctive patterns are 
found when the data are classified according to flow depth. Jarvela (2002a) summarized 
the most notable experimental results as: the friction factor was dependent mostly on (1) 
the relative roughness in the case of grasses; (2) the flow velocity in the case of willows 
and sedges/grasses combined; and (3) the flow depth in the case of leafless willows on 
bare bottom soil. In his another studies, Jarvela (2004a and b) claimed that when 
compared to leafless conditions, the presence of leaves increased the friction factor up to 
seven fold and this is strongly dependent on the flow velocity.  
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Figure 2.4: Friction factor versus Reynolds number for various sedges-willow 
combinations (Jarvela, 2002). 
Fathi-Maghadam and Kouwen (1997) explored roughness of nonrigid nonsubmerged 
vegetation on floodplains and they pointed out that assuming vegetation on floodplains 
as rigid cylinders leads to large errors in the relationship between velocity and drag 
force. In their study in order to characterize the effect of vegetation on flow they used a 
dimensional analysis (Buckhingham ∏ theorem) and support it by experimental data.  
They determined the parameters affecting the flow structure in a nonsubmerged non 
rigid vegetated channel for the dimensional analysis. The parameters proposed by Fathi-
Maghadam and Kouwen (1997) are presented below.  
f=(CD, A0, V, ρ, yn, J, g, µ, h, φ, l1....ln) (2.30) 
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in which; CD = drag coefficient; A = MAA (momentum absorbing area) , which is 
closely related to the one-side area of leaves and stems; A0 = One side of leaf size; V = 
mean channel stream velocity; ρ = mass density of water; yn = depth of flow; J = 
flexural rigidity; g = gravitational constant; µ = fluid dynamic viscosity; h = average 
height of the vegetation in canopy; φ = constant to account for leaf incidence angle and 
ln = characteristic lengths defining spacing of plants.  Also for Equation 2.28 they 
employed the following assumptions. 
1) Soil surface shear is negligible compared to the total plant drag. 
2) Distribution of plant foliage and stems are randomly uniform in a horizontal plane. 
3) Considerable change of biomass density can exist in the vertical direction. 
Fathi-Maghadam and Kouwen (1997) considering CD and φ are already 
dimensionless parameters they stated that CD and φ are the first and the second 
dimensionless parameters. In their dimensional analysis, they assigned yn, V and ρ 
parameters as repeated variables and obtained the following dimensionless parameters. 
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Further, considering 20 nyA , nyl1 and nyl2  are independent of CD, they obtained 
second dimensionless parameter A/a, which takes into consideration for the effect of 
density of vegetation, combining these three parameters with φ. Then they simplified 
that expression introducing the MAA of the tree, defined as A = φA0. Then Equation 
2.31 becomes 
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The another assumption which was adopted by Fathi-Maghadam and Kouwen (1997) 
was that all individual uniformly shaped and spaced trees were placed in equal volume 
boxes in the canopy with horizontal surface of a = l1l2 and vertical height of h, where l1 
and l2 are cross and flow-wise lengths occupied by a tree. 
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Further Fathi-Maghadam and Kouwen (1997) highlighted that the friction factor is 
much more closely related to the ratio of MAA per unit volume of the canopy flow 
[ ])/( nayA than with MAA per unit horizontal area (A/a). Then they assumed that MAA 
linearly increases with the increase of flow depth. Finally they multiplied the first three 
dimensionless parameters in Equation 2.32 and obtained the following combined 
expression. 
hACd ⎟⎠
⎞⎜⎝
⎛
∀  (2.33) 
where ∀=ayn. 
In Equation 2.30 last two parameters are the Froude and Reynolds number, respectively. 
Fathi-Maghadam and Kouwen (1997) pointed out that since for practically all cases of 
interest, flow through dense nonsubmerged vegetation is in the fully turbulent zone, the 
flow is considered to be independent of the Reynolds number. Also Koloseus and 
Davidian (1966) have shown that resistance to flow in a uniform open channel is 
independent of the Froude number when the flow is stable [i.e. when no roll waves are 
present] (Fathi-Maghadam and Kouwen, 1997). Koloseus and Davidian, (1966) have 
shown that for supercritical flow, the friction factor f for a rough channel of this type is 
independent of gravitational effects when the Froude number is less then 1.6, and is 
independent of viscous effect when flow is completely turbulent (Fathi-Maghadam 
and Kouwen, 1997). 
As a final point Fathi-Maghadam and Kouwen (1997) by limiting their study to 
subcritical and turbulent flow conditions and eliminating the Reynolds number and 
Froude number they gave the final relationship between dimensionless parameters for 
estimation of resistance to flow for non-submerged , tall, densely vegetated channels. 
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According to the classical drag equation for rigid roughness the drag is expected to 
increase with the square of the velocity. However, in their study Fathi-Maghadam and 
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Kouwen (1997) concluded that for flexible roughness such as the tree models tested in 
their study, drag appears to be a linear relationship due to deflection of plant foliage area 
(MAA) and reduction of drag coefficient CD with increasing the flow velocity.   
2.2 Description of Velocity Profile in Vegetated Channels 
In the existing literature, one of the first studies is presented by Fenzl (1962). Fenzl 
(1962) presented a dimensional analysis for the conditions of uniform flow in a channel 
with constant bottom slope and no filtration (Kouwen and Unny, 1973). In their study 
Kouwen and Unny (1973) gave this functional relationship, which was proposed by 
Fenzl (1962) as follow. However, that expression excludes surface tension. 
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Where τ0 = the average boundary shear stress; ρ = the mass density; Umean = the time 
averaged velocityin the streamwsie direction; g = the acceleration due to gravity; yn = 
the normal depth; µ = the bdynamic viscosity; J = the flexural rigidity of the vegetation; 
k = the deflected height of the roughness elements; λ1 λ2 …λn = characteristic lengths 
defining spacing of plants; and β = a dimensionless measure of effective plant form. The 
assumptions which were adopted by Fenzl (1962) were 1) the soil characteristics are not 
important because of their small contribution to the drag; 2) the distribution of 
vegetation is random and uniformly dense (Kouwen and Unny, 1973). 
Using similar approaches, which were given above by Fathi-Maghadam and Kouwen 
(1997), Kouwen and Unny (1973) neglected second and third terms (Froude number 
and Reynolds number) in the Equation 2.33. Also considering geometrical 
dimensionless parameters λ1/yn, … λn/yn, vary within a small range due to the variation 
of yn,  they neglected   λ1/yn, … λn/yn parameters. Then they obtained the following 
expression.  
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Where J = EI = the flexural rigidity in bending; E = the modulus of elasticity; I = the 
second increment of area of its cross-section. Further they introduced the shear velocity 
ρτ 0=∗u  as a new parameter in Equation 2.36 and rearranged the equation as below.  
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Finally, Kouwen and Unny (1973) incorporated k/h and m terms into Equation 2.37  
and proposed the final form of this equation as below.  
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Where h = the roughness height and m = the number of roughness elements per unit area 
of channel bed and thus represents the roughness density. Based on these findings 
Kouwen and Unny (1973) pointed out that the velocity distribution over natural and 
artificial flexible roughness can be represented by  
⎟⎠
⎞⎜⎝
⎛+=
∗∗ k
y
u
u
u
u k ln1κ  (2.39) 
where u =the velocity at a distance, y, from the bed; =∗u  the shear velocity, uk =a 
characteristic or slip velocity at a distance y =k; κ = von Karman’s turbulance 
coefficient. They integrated Equation 2.39 to yield the flow formula. 
k
yCC
u
U nln21 +=
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 (2.40) 
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in which U = the mean velocity of the flow; yn = the normal depth of the flow; and C1 
and C2 are coefficients. If Equation 2.40 is valid then the factor.  
4/1
21 ⎟⎟⎠
⎞
⎜⎜⎝
⎛
∗u
mEI
ρ in 
Equation 2.38 should be a constant.  
2.3 Characterization of Vegetation Density in Open Channels 
Another crucial aspect of the problem is that the selected plant characterization method 
in representation of vegetative roughness. Various plant characterization methods were 
adopted by different researchers (Petryk and Bosmajian, 1975; Nepf, 1999; Wilson et 
al., 2004). 
Nepf (1999) employed a different dimensionless parameter to describe a relationship 
between vegetation densities and drag force. The vegetation density description 
(Equation 2.37), which was proposed by Nepf (1999) excludes effect of stem 
morphology and flexibility and considers vegetations as rigid cylinders.  
22 ∆S
d
h∆S
dhnda ===  (2.41) 
in which a = vegetation density (the projected plant area per unit volume (per meter)); n 
= the number of cylinders per unit area; ∆S = the mean spacing between cylinders; d =  
the cylinder diameter and h = the flow depth. 
From Equation 2.41, Nepf (1999) defined a dimensionless population density as 
described below. 
2
2
S
dad ∆=  (2.42) 
For the rigid cylinder models ad represents the fractional volume of the domain 
occupied by plants.  
Fischer-Antze et al. (2001) numerically modelled the submerged vegetation-flow 
interaction in a given open channel. They gave drag on a vegetative element, with unity 
height, as below. 
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Where FD,i = the drag force; ρ = the mass density of water; Ui = the average velocity in 
time; CD = the drag coefficient and λ = the vegetative coefficient. In their study Fischer-
Antze et al (2001) described the vegetative coefficient, λ,  as given below.  
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sl
Dλ s =  (2.44) 
Where D = the diameter of a plant; s and l = the lengths of the control volume (Figure 
2.5). Further Fischer-Antze et al (2001) pointed out that the experimental drag 
coefficient CD, which corresponds to the shape and diameter of the vegetational 
elements, could be approximated as 1.0 for Reynolds numbers above 103 for a round 
shape of the projected area of the stems of bushes and trees.  
 
 
Figure 2.5: Definition of plant density λ 
In their study Wilson et al. (2003) extended this definition and incorporated the effect of 
fronds into Equation 2.44. The expression proposed by Wilson et al. (2003) as given 
below.  
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Where, Afrond = the frond surface area; Astipe = the stipe area; az = approximate height of 
frond when stretched and hstipe = stipe length.  
Nezu and Onitsuka (2001) and Nezu, (2005) investigated turbulent structures in partly 
vegetated open channel flows using LDA (laser doppler anemometer) and PIV (particle 
image velocimeter). In their study they used the following expression in order to 
characterize the vegetated area.  
2
v
v
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DH
α =  (2.46) 
Where α=density of vegetation; Hv=flow depth; D=vegetation diameter; Lv=spacing of 
vegetation.   
2.4 Turbulence in Flow through Vegetation 
Turbulent transport of momentum, heat and mass dominates many of the fluid flows 
investigated in physics, fluid mechanics, hydraulic engineering and environmental 
engineering (Nezu and Nakagawa, 1993). Furthermore, turbulent transport processes 
strongly influence the velocity distribution, the bed shear stress, sediment movement, 
and contaminant transport (Nezu and Nakagawa, 1993). In this context understanding 
the turbulence where flow passes through vegetation is necessary in terms of hydraulic 
engineering. Fairbanks and Diplas (1998), conducted experiments to investigate the 
turbulence structure of flow through rigid vegetation. They simulated the vegetation by a 
uniform array of acrylic dowels mounted to the bed of a hydraulic flume. During the 
analysis of the data Fairbanks and Diplas (1998) explored the skew of the longitudinal 
and vertical velocity histograms. In this way they endeavoured to detect the asymmetry 
in probability density function of the turbulent fluctuations. Skewed histograms are 
typically found in flows with strong gradients of turbulence intensity;   in their study 
Nezu and Onitsuka (2001) investigated turbulent structures in partly vegetated open 
channels using PIV and LDA. They simulated vegetation by bronze cylinder rods with 
D=2mm. They performed the experiments in 10m long, 40cm wide and 30cm deep 
tilting flume. As is shown in Figure 2.6 they found that span-wise Reynolds stress uw−  
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increases with an increase of z/B in the vegetated zone, and attains a peak near the 
junction between vegetated zone and non-vegetated zone. Where B=channel width; 
z=spanwise coordinate. Nezu and Onitsuka (2001) pointed out that a mutual interaction 
between these two zones becomes significant and suggests that horizantal vortices are 
generated.  
 
 
Figure 2.6: (a) Spanwise Reynolds stress for Fr=0.24 (vegetation density is changed) (b) 
Spanwise Reynolds stress for a=1.0 (Froude number is changed) (Nezu and Onitsuka, 2001) 
Another important experimental result obtained by Nezu and Onitsuka (2001) is about 
instantaneous velocity fluctuations. As it may be seen from Figure 2.7 , researchers 
observed quasi-periodical velocity fluctuations and explained this by the horizontal 
vortex based on the studies which were carried out by Naot et.al (1996), Nezu and 
Nakayama (1997). As it can be seen for the Figure 2.7 )(~ tu  takes a minimum value 
)(~ tw tends to take the associated maximum value, and vice verse.  Nezu and Onitsuka 
(2001) emphasized that in such situation spanwise Reynolds stress –u(t)w(t) is 
generated.  
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Figure 2.7: Instentaneous Velocity Fluctuations (Nezu and Onitsuka, 2001) 
Further in their study, as it is seen in Figure 2.8, Nezu and Onitsuka (2001) observed 
the horizontal vortex, which has a central pivot in the non-vegetated zone, moves 
downstream. The vector in front of the horizontal vortex points from the vegetated zone 
to non-vegetated zone. Also another important result of the study, which was conducted 
by Nezu and Onitsuka (2001), is that as judged from Figure 2.9 isolevel lines of the 
instantaneous streamwise velocity )(~ tu in the non-vegetated zone, which has high 
velocity values, bulge out ahead of the horizantal vortex towards the vegetated zone 
diagonally and also that the isolevel lines in the vegetated zone which has low velocity 
values, bulge out from the vegetated zone towards the region behind the horizontal 
vortex diagonally. The instantaneous spanwise velocity )(~ tw has a negative value in 
front of the horizontal vortex and has a positive value behind the vortex, as judged from 
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Figure 2.9. Therefore, the high momentum fluid is transported from the non-vegetated 
zone to the vegetated zone before the horizontal vortex passes and the low momentum 
fluid is transported from the vegetated zone to the non-vegetated zone after the 
horizontal vortex passes. 
 
Figure 2.8: Vector Description of instantaneous velocity components (Nezu and 
Onitsuka, 2001) 
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Figure 2.9: Contour lines of instantaneous velocities and Reynolds stress at t=54.0(s) in 
the case of D7T (a=1.0) (Nezu and Onitsuka, 2001). 
2.5 Vegetation Architecture 
Based on the explanations above, it is obvious that determination of the drag force 
imposed by vegetation has a special importance to describe the problem and the 
accompanying solution. There are basically three primary parameters in drag force 
expression (Equation 2.43) that need to be quantified with an acceptable accuracy:        
1) drag coefficient, 2) velocity profile and 3) projected (or reference) area. In this 
context, projected (or reference) area of vegetation is closely related to architectural 
properties of the vegetation. This situation makes the problem further complicated since 
each species has a unique architectural property. Therefore, it might be a good approach 
to establish the species which are commonly observed in riverbank and floodplains as a 
first step. 
Vegetation can be regarded as the objects with complex and porous structure. Owing to 
this complex structure, the crucial question is that what kind of method or procedure 
should be employed in the characterization of the vegetation. Thus, knowledge about the 
plant architecture helps better understanding the impact of vegetation on flow, 
depending on the geometric and biomechanical (flexural rigidity) properties of the plant 
specie. In this field, one of the first studies on this issue were undertaken by McMohan 
(1975) and McMohan and Kronauer (1976). Based on their extensive experimental 
studies, the researchers have claimed that the branching pattern is approximately 
stationary within a plant specimen and a tree’s structure is elastically self similar. Hence, 
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any patch of the structure is a model of the entire tree, and even whole species. Thanks 
to this result, the requirement of elastic similarity between models and prototypes, which 
is the most important similarity with respect to behaviour of a tree, is automatically 
satisfied. During their research, McMohan and Kronauer (1976) have applied the 
Strahler (1952) hierarchical ordering system to classify the branches in terms of their 
relationship with the trunk. Jarvela (2002b) found that the projected area of the willows 
appeared to increase linearly (R2=98%) with the increasing flow depth excluding the 
base and tip zones of the plant. Branches contributed 2/3 to the total leafless projected 
area. Later on (Wilson et al., 2006a) found that the cumulative plant volume increases 
linearly with increasing basal diameter.  If the velocity profile is fairly constant with 
plant height the projected area-plant height relationship may govern the drag force-
height profile. 
2.6 Summary and Conclusion 
In the last couple of decades many studies have been undertaken attempting to explore 
the effect of vegetation on flow characteristics where the flow passes through vegetation. 
These studies may be classified as numerical and experimental studies. Probably due to 
the difficulties in simulating plants in the limited laboratory conditions, there have been 
fewer experimental studies conducted with real plants (Hasegawa et al., 1999; Jarvela 
2002a; Stephan 2001; Wilson and Horritt 2002; Fathi-Maghadam and Kouwen, 
1997; Kouwen and Fathi-Maghadam, 2000; Carollo et al., 2002).  
Recent approaches in two and three-dimensional numerical models have used a drag 
force term in the momentum equations to model the stem drag imposed by plants 
(Fischer-Antze et al., 2001; Stoesser et al., 2003; Choi and Kang, 2004, Wilson et 
al., 2006b). As stated above, in most studies vegetative roughness were simulated by 
artificial rigid stems (Nepf and Vivoni, 2000; Nezu and Onitsuka, 2001) or different 
artificial flexible elements (Kouwen and Unny, 1973; Wu at al., 1999; Baptist, 2003; 
Wilson et al., 2003). Nevertheless representing the vegetative roughness with rigid 
stems has some drawbacks. Normally, for rigid stems, the drag is expected to increase 
with the square of the velocity. However, Fathi-Maghadam and Kouwen (1997) found 
that drag appears to have a linear relationship due to deflection of plant foliage area and 
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reduction of drag coefficient with increasing the flow velocity for flexible roughness 
such as real tree models. Further, Çelik and Kabdaşlı (2004) investigated the bending 
effect of the plants on velocity profiles. This is followed by Wilson et al. (2006a), who 
investigated the influence of the applied simulation techniques (i.e. rigid stem or natural 
plant) on drag force and on velocity profiles. They found that using the uniform cylinder 
analogy resulted in an underestimation of the drag force in the region close to the bed 
and hence overestimation of both the velocity and the bed shear stress. Another crucial 
aspect of the problem is that the selected plant characterization method in representation 
of vegetative roughness. Various plant characterization methods were adopted by 
different researchers (Petryk and Bosmajian, 1975; Nepf, 1999; Wilson et al., 2004).  
The new concept, which tries to solve hydraulic engineering problems taking ecological 
balance into account, entails better knowledge about architectural and biomechanical 
properties of the plants since the impact of vegetation on flow field largely depend on 
these properties.   
In the current situation, since there is no reliable method to select the proper roughness 
coefficient and no analytical way to determine velocity distribution of vegetated open 
channels, the current studies, which attempt to understand the impact of vegetation on 
flow field, use numerical (Wilson et al., 2004; Stoesser et al., 2003; Fischer-Antze et 
al., 2001) and experimental methods (Petryk and Bosmajian, 1975; Tsujimoto et.al, 
1991; Maghadam and Kouwen, 1997; Kouwen and Fathi-Maghadam, 2000; 
Carollo et al., 2002; Wilson and Horritt, 2002; Stephan and Gutknecht 2002; 
Jarvela, 2002a; Nepf and Vivoni, 2000; Nezu and Onitsuka, 2001; Fairbanks and 
Diplas, 1998; Nepf, 1999).  
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3. THEORETICAL APPROACH 
3.1 Introduction 
In the previous chapter some of the examples from former researches were presented 
and discussed. As was seen there, in the last two decades a large number of attempts 
have been undertaken to further understand the interaction between flow and 
vegetation where the flow passes through a vegetated field. In these experimental 
studies, mostly researchers have preferred to simplify the problem employing a 
group of rigid stems or artificial elements in the experiments to model the vegetation 
group. Probably as a consequence of the complexity of the problem, only a few of 
these researchers were performed their experiments with real vegetation community. 
However, the effect of a singular vegetative element such as trees on flow and 
turbulence patterns is not yet known although in the past great attention has been 
devoted to explore the impact of a plant community on flow patterns. Knowledge 
about the relationship between an individual vegetative element and flow 
characteristics helps better the understanding of flow in floodplains. More 
specifically, only in this way is the impact of a singular vegetative element on 
transformation of velocity profile and turbulence structure clarified. This was the 
motivation for conducting a set of experimental studies which aimed to describe the 
effect of single vegetal elements such as trees with large trunks on flow domain 
characteristics. In this context, the decision about the goals and methods are crucial 
in terms of determining the scope and limits of the conducted study. The primary 
objective of the study was to experimentally investigate the impact of the presence of 
singular vegetation, such as a tree a large trunk, on flow field characteristics. In order 
to achieve the objective stated above, two dimensional experimental measurements 
were conducted in this study. The further details about the experimental details are 
presented in Chapter 4. The characterization method of the vegetal element and the 
scope of the study are presented and discussed in the following two chapters.  
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3.2 Classification of Vegetation 
The importance of categorization and characterization of the vegetation is 
emphasized above. Vegetation can be classified by any number of criteria. However, 
in this study it is assumed that this classification may be carried out only based upon 
the architectural properties of vegetation (e.g., volume, height, diameter, canopy 
density, seasonal leaf area index LAI, submergence degree etc.) since it the unique 
property for a species and it directly affects the flow pattern where flow passes 
through a vegetated area. In the light of these facts, this classification was carried out 
considering principally the relationship between the parameters “volume” with 
“height” and this approach was called as “volumetric approach” hereafter. In order to 
introduce this classification in a more intelligible way Figure 3.1 is illustrated. As 
given in Figure 3.1, the vegetation types were classified as Type 1, Type 2 and Type 
3 and hereafter this notation will be adopted. As a matter of fact the primary 
difference between those introduced types is the volume increment gradient along the 
height of the vegetation. The classification of different vegetation types were carried 
out based on this criteria. In this study, three tree species were selected to represent 
Type 1, Type 2 and Type 3 to simplify the problem. These species are Pinus Pinea, 
Thuja Orientalis, and Cupressus Macrocarpa respectively. In the controlled 
laboratory conditions, the variation of volume of Type 1, Type 2 and Type 3 with 
respect to height were determined by cutting trees into consecutive parts and 
measuring their volumes using measuring cylinders. Figure 3.2 presents the 
cumulative volume measuring procedures. Based on those measurements the 
variation of cumulative volume with height was obtained and depicted in Figure 3.3.  
Highlighting the difference “volume versus height” variation between three classes 
of vegetation is important in terms of further understanding the characterization and 
distinguishing properties of these there types. Basically, the main difference between 
the curves belonging to representative types is the variation of gradient of curves 
along the height. The gradient of Type 1 decreases along the height. In other words, 
the second derivation of curve for Type 1 is negative. In a way, this indicates that for 
given successive height intervals, the vegetation volume belonging to any interval is 
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always larger than the volume of the interval belonging to the earlier one (the one 
closer to bed). For Type 3, the gradient of the curve increases through the height. On 
the other hand, the gradient belonging to Type 2 exhibit relatively constant 
appearance along the height.   
 
 
 
Figure 3.1: The classification of trees with large trunk based on the “volume versus 
height” variation. a) Type 1, b) Type 2, c) Type 3. 
 
Establishing a relationship between flow field and parts of vegetation is necessary to 
identify and describe the impact of the presence of vegetation on flow characteristics. 
In order to facilitate the expression of this relation, the illustration in Appendix A 
were presented for 25 cm water depth. In these illustrations, as could be seen the 
submerged region is divided into two parts one is below and the other above 
z/z0=0.4. The lower part of z/z0=0.4 was named as “Zone 1”, the upper of z/z0=0.4 
was called as “Zone 2” and the border between Zone 1 and Zone 2 was called the 
“interface”. Hereafter, this classification was employed to facilitate the analysis. 
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(a) 
  
(b) 
Figure 3.2: Views of pine tree taken during the process of “cumulative volume 
versus height” measurements a) cutting process b) measuring the volume process 
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Figure 3.3: The variation of cumulative volume of with respect to height for Type 1, 
Type 2 and Type 3. 
3.3 Characterization of Vegetation 
As emphasized above, most of the studies in the literature were performed for a 
community of vegetation. Since each species has a unique architectural property, the 
obtained solutions were limited only for the specie which was exposed to the tests. 
The methods for characterization of vegetation density which were adopted by the 
earlier studies were presented and discussed in the previous chapter. However, since 
those studies were performed for a vegetation community, in those studies the 
characterization of vegetation was carried out mostly considering the intervals 
between vegetation and the density of vegetal community. Also, in most of those 
studies the projected area (onto vertical plane) of vegetation was used to identify the 
vegetated zone.  Differing from the earlier works, in this study a new parameter 
which is called hereafter as “vegetation intensity parameter” (VIP) was introduced. 
The expression of vegetation intensity parameter (VIP) is given below.  
h
veg
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z
V
0=ξ  (3.1) 
Where ξ= vegetation intensity parameter (VIP); Vveg=occupied volume by vegetation 
for the given depth; z0= water depth; Ah=the projected area of vegetation onto 
horizontal plane. The expression of projected area was substituted in Equation 3.2 
and 3.3. Dimensionless Vveg/z0 explains the volume of vegetation occupied at unit 
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depth. Dividing it by the area of projection of vegetation onto horizontal plane, 
vegetation intensity parameter obtained. In physical speaking, this gives the occupied 
volume by vegetation at unit projection area for the unit depth.  
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where Dv=the projection diameter which was quantified before the experiments for 
the projected area calculation. The projection diameters belong to tree saplings which 
were used through the projection area calculation are 48 cm, 39 cm, 36 cm for 25 cm 
depth (water depth condition 1) and 55 cm, 39 cm, 36 cm for 40 cm depth (water 
depth condition 2) respectively. Based on these values the average tree diameter can 
be calculated and given as 41cm for 25 cm depth and 43.3 cm for 40 cm depth. The 
VIP values of the three tree sapling were ξ1=0.00398; ξ2=0.00409; ξ3=0.00492 for 25 
cm depth and ξ1=0.00316 and ξ3=0.00480 for 40 cm water depth.   
3.4 Analysis Method 
In order to achieve the objectives of the study explained above, a set of experiments 
were conducted by following the procedure which is described in Chapter 4. 
Concisely, the comparisons were undertaken between the flow characteristics at the 
upstream and downstream of the singular vegetation. The velocity measurements 
were employed at the locations which have the name of c100 and c360 (Figure 4.4) 
to check the velocity characteristics belong to upstream and downstream side of the 
vegetative element. The location of the vegetative element was at c320 (Figure 4.4) 
which means that there was a 220 cm between upstream measurement point and axis 
of vegetal element and it is assumed that the flow characteristics measured at this 
point characterize the non-disturbed flow. Additionally, there was 40 cm between 
downstream measurement point and axis of base pertains to vegetal element. Unless 
this length is expressed in terms of vegetative characteristics it does not make any 
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sense. In the light of this fact it would be convenient to express these distance values 
in terms of vegetative characteristics. It was considered that using the projection 
diameters was adequate expressive for this purpose and could constitute a reference 
for the future studies. When it is considered that average projection diameter is 41 
cm and 43.3 cm for the water depth values of 25 cm and 40 cm respectively, it may 
be stated that the downstream measurements were performed approximately at one 
projection diameter. In summary, the velocity measurements which were preformed 
at 220 cm upstream side of the vegetation were used to characterize the non 
disturbed flow at the upstream. The velocity data which were obtained from the point 
located circa at the 1Dv downstream side of the vegetation were used to characterize 
the downstream flow. As explained in the next chapter, in addition to these two 
characterizing points, further velocity measurements were performed in 13 other 
vertical profiles at the centerline of the flume.    
After the data acquisition and processing, the time averaged mean velocity values 
were plotted for the upstream and downstream of vegetation. In this context, it was 
sensible to focus on transformation of velocity profile in consequence of presence of 
vegetation. Based on this idea, the velocity difference parameter was described as 
given in Equation 3.4.  
 
 du UUVDP −=  (3.4) 
 
Where Uu= the time averaged velocity in streamwise direction obtained at the 
upstream of vegetative element; Ud= the time averaged velocity in streamwise 
direction obtained at the downstream of vegetative element; VDP=velocity 
difference parameter.  
In most textbooks, instantaneous velocity “u” may be described as is given in 
Equation 3.5. Here, the quantity Umean denotes the time averaged velocity and u΄ is 
the fluctuation component. In most general forms, time average value is then defined 
by Equation 3.6 (Sümer et al, 1982; Hinze, 1959; Stanisic, 1988). However the 
definition of time averaged velocity, Umean, may be described using Equation 3.7 for 
a finite number of data sampling. Throughout the experiments the sampling 
frequency was 200Hz and the duration of data collection for each individual 
measurement point was 1 minute, hence the “n” was equal to 12000 for each single 
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measurement point which can be regarded as large sampling number from the 
statistical point of view. The analysis method of turbulence due to vegetative element 
is considered in the following paragraphs.  
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Where Umean= time averaged velocity in streamwise direction; n=sampling number;  
u= instantaneous velocity. However, the results obtained via VDP were not 
dimensionless and thus those were not adaptable for the future studies. With the 
normalization of VDP, the obtained results would be expressed in a more applicable 
form in terms of future studies. For this purpose normalized velocity difference 
parameter (NVDP) which is given in Equation 3.8 was utilized through the analysis 
given below.  
 
u
d
U
U
NVDP −= 1  (3.8) 
 
In physical speaking, Equation 3.8 gives the retaining percentage of time averaged 
velocity due to presence of vegetation.  Although NVDP has a dimensionless form, it 
is not a function of the vegetation characteristics. In other words, the obtained results 
are conclusive only for the vegetation which was exposed to the tests. Hence the 
NVDP also should be expressed in terms of vegetal element characteristics to 
convert the results to more applicable, comparable and transferable form for the 
future studies. For this purpose Equation 3.9 was introduced which takes the 
vegetation intensity parameter into account to characterize the vegetation.   
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 37
 
Where Uu= the time averaged velocity in streamwise direction obtained based on the 
measurements undertaken at the upstream of vegetative element; Ud= the time 
averaged velocity in streamwise direction obtained based on the measurements 
undertaken at the downstream of vegetative element; NVVDP= normalized 
vegetative velocity difference parameter; ξ= vegetation intensity parameter. During 
the analysis the variation of NVVDP with respect to relative depth for different test 
conditions were plotted. In order to describe the impact of vegetation on primary 
characteristic of flow domain such as time average velocity, logarithmic velocity 
profile was modified based on the obtained relationship between “NVVDP versus 
relative depth” and a new formulation was introduced. The proposed formulation 
allows predicting transformed time averaged mean velocity values due to vegetation 
as a function of vegetation characteristics. The verification of the proposed 
formulation was checked by the experimental data. The derivation of the 
formulization and the verification is given in Chapter 5 together with the analyzing 
of the data.  
In addition to understanding the deflection of velocity profile due to vegetation, 
knowledge about the disturbance length of flow due to existence of vegetation is also 
important. Based on this fact, the velocity field at the downstream side of vegetation 
was also further explored through the centerline of flow. This was carried out by 
using experimentally obtained 15 velocity profile located at the downstream of 
vegetative element. At this stage the software named “Tecplot v10.0” was utilized 
for the interpolation process.  
Knowledge about the influence of vegetation on neighbor velocity profiles is 
required in terms of describing the influence of placement interval of vegetative 
elements in a floodplain on conveyance capacity. Moreover, these measurements are 
essential so as to assure whether continuity is satisfied or not. For this purpose, 
additional velocity measurements were executed along the depth at the consecutive 
locations denoted as c300, r300, r320, and r360 in Figure. 4.4. It was considered that 
expressing the lateral distance between these measurement points and the vegetative 
element in terms of vegetative characteristics is necessary due to the similar reasons 
explained above. The lateral distance between these measuring points was 25 cm and 
this value approximately corresponds to 0.6Dv. The non-disturbed velocity profiles 
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and the velocity profile which is located at the same cross-section with vegetative 
element were compared and analyzed to asses the influence of vegetative element in 
spanwise direction. 
The variation of time averaged vertical velocity due to vegetation was also explored. 
In order to make a comparison possible the time averaged vertical velocity versus 
relative depth were plotted for the non-disturbed case. Next, the relationships 
between the same parameters were attained for the downstream of vegetation. 
Similar normalization procedures, which are carried out for time averaged mean 
velocity, were applied for time averaged vertical velocity as well.  
With regard to additional turbulence which occurs due to presence of vegetation 
where the flow passes through vegetative element, similar analysis methods were 
implemented for both streamwise and vertical component of the turbulence. Thus, 
the descriptions presented in this paragraph are given for both streamwise and 
vertical turbulence assessment. So as to facilitate the explanations, the schematic 
representation of a time series belonging to a velocity record is illustrated in Figure 
3.4. From the statistical point of view, the variance of a time series is a measure of 
the scattering of data around the mean value. In this context, this scattering 
corresponds to velocity fluctuation around a mean value for a time series obtained by 
velocity record. In a way, the increment of this scattering indicates increasing 
turbulence. Based on Figure 3.4 and Equation 3.5 the fluctuation part of the velocity 
can be rewritten as given in Equation 3.10. The variance of fluctuation component of 
the velocity is given in Equation 3.11. Equation 3.12 is acquired substituting 
Equation 3.10 into 3.11. However, the unit of Equation 3.12 is not in velocity 
dimension. Hence, to provide the uniformity between the units, the square root of the 
Equation 3.12 is taken and the standard deviation of fluctuation is attained (Nezu 
and Onitsuka, 2001). The obtained expression of standard deviation (Equation 3.13) 
is the definition of streemwise “urms” and vertical “wrms” turbulence intensity. 
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Figure 3.4: The schematic representation of a time series belonging to a velocity 
record 
meanUuu −=′  (3.10) 
21
1
)(
1
1)( ∑−
=
′−=
n
i
itun
uVar  (3.11) 
( )∑−
=
−−=
1
1
2
1
1)(
n
i
meanUun
uVar  (3.12) 
rmsu uuuVar =′== 2)(σ  (3.13) 
The expression of turbulence intensity (i.e. urms and wrms) was utilized throughout the 
analysis of additional streamwise and vertical turbulence which occurs owing to 
flowing through a vegetative element. For this purpose the variations of streamwise 
and vertical turbulence intensity with respect to relative depth were plotted and those 
were compared between non-disturbed case and comparisons of turbulence intensity 
(i.e. in both streamwise and vertical directions) belong to non-disturbed and 
disturbed by vegetation were carried out to further understand the influence of 
vegetal elements on turbulence structure. However, the acquired results were not in 
dimensionless form. Thus, in order to make the results more comparable, transferable 
and adaptable for future studies a normalization of turbulence intensity was carried 
out using [ ] urmsurmsdrms )u()u()u( −  and [ ] urmsurmsdrms )w()w()w( −  for the 
streamwise and vertical turbulence intensity respectively. Physically speaking, 
[ ] urmsurmsdrms )u()u()u( −  and [ ] urmsurmsdrms )w()w()w( − give the additional 
turbulence occurrence due to presence of vegetation in terms of percentage.  
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Where (urms)u= the streamwise turbulence intensity measured at the upstream side of 
vegetative element; (urms)d= the streamwise turbulence intensity measured at the 
downstream side of vegetative element; (wrms)u= the vertical turbulence intensity 
measured at the upstream side of vegetative element; (wrms)d= the vertical turbulence 
intensity measured at the downstream side of vegetative element. Nevertheless, 
[ ] urmsurmsdrms )u()u()u( − and [ ] urmsurmsdrms )w()w()w( −  were not the function of 
vegetative characteristics. In order to incorporate the vegetative characteristics into 
the expression of [ ] urmsurmsdrms )u()u()u( − and [ ] urmsurmsdrms )w()w()w( − vegetation 
intensity parameter “ξ” was employed and [ ]{ } ξ− urmsurmsdrms )u()u()u(  and 
[ ]{ } ξ− urmsurmsdrms )w()w()w(  were obtained for streamwise and vertical turbulence 
intensity respectively.  
In order to further understand the role of presence of vegetation in the flow domain 
on turbulence structure, the turbulence kinetic energies which are measured at the 
upstream and downstream side of vegetation were compared.The expression of 
turbulence kinetic energy as is given by Equation 3.14 (Nezu and Onitsuka, 2001). 
After the comparison of turbulence kinetic energy, the variation between normalized 
kinetic energy (Equation 3.15) and relative depth was taken into assessment for the 
purpose of comparison. Equation 3.15 gives the contribution of the presence of 
vegetation into the turbulence kinetic energy in terms of percentage. Moreover, 
Equation 3.16 was acquired by incorporating the vegetation intensity parameter into 
Equation 3.16 and the variation between this parameter and relative depth was also 
considered. In this context, it should be also kept in mind that determination of 
“vegetation intensity parameter”, which is used throughout the analysis, with an 
acceptable accuracy, is vital. The details and further discussion about the vegetation 
intensity parameter is presented in the Chapter 5 together with the experimental 
results.  
( ) ( ) ( )222222222
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4. EXPERIMENTAL SETUP and PROCEDURE 
4.1 The Experimental Set-Up and the Measurement Devices 
All the experiments were conducted in the flume, which is capable of supplying 
steady flow and regular wave, located in Hydraulic Laboratory of Technical 
University of Istanbul. The size of the flume is 26m in length, 0.98m in width and 
0.85 m in depth. In the flume, steady flow is provided by an interior re-circulating 
system. Two pipes each has 200 mm in diameter supplied the re-circulation and two 
pumps positioned at the downstream of the flume, each has 2x50 kW, were 
employed for the power supply. In order to reduce fluctuation, a flow straighter 
system was placed at the entrance of the flume. The flume had Plexiglas sidewalls in 
order to facilitate the observation and the bottom was made of smooth concrete. A 
sketch and picture of the flume are given in Figure 4.1 and Figure 4.2 respectively.  
For the velocity measurements three Acoustic Doppler Velocimeters were used. Two 
of the ADVs were new generation ADV Vectrinos which are capable of data 
acquisition with 200 Hz, the other one was ADV which can collect data with a 
sampling frequency of 25 Hz. In Figure 4.3, the centreline view of the flume and 
three Acoustic Doppler Velocimeters is given. The ADV is a high precision 
instrument that measures all three flow velocity components. ADV consists of three 
modules: the measuring probe, the conditioning module and processing module. The 
acoustic sensor of the 3D down-looking probe is mounted on a rigid stem 0.4 m long 
and is composed of one transmit transducer and three receive transducers. These 
technical specification are quoted form the ADV Manuel (Nortek, 2004). Differing 
from the earlier versions, new generation ADV Vectrinos have four receive 
transducers and in comparison with the earlier generation have a thinner arm.  
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An ADV measures the velocity in a sampling volume of 0.125 cm3 which is 5 cm 
from the sensing elements. On the other hand the sampling volume range of the ADV 
Vectrino is set to between 0,085cm3 or 0.425 cm3 which is 5 cm away from sensing 
elements. These properties are user selectable. The ADV processing module consists 
of a PC card, installed in a PC, and data acquisition software. However, the ADV 
Vectrino does not require a PC card. In order to mount and move the ADV vector 
velocimeters in three direction (in the streamwise, vertical and lateral), a traverse 
system, which has 6 m length (in streamwise direction), with a width which is equal 
to channel width was constructed on the top of the flume.  
 
Figure 4.2: The side view of the flume 
 
Figure 4.3: The centerline view of the flume and the Acoustic Doppler Velocimeters 
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4.2 Procedure 
The details of the flume and instrumentation as are given above. The experiments 
planned to serve the objects which are aforementioned in the earlier chapter. In order 
to achieve those goals explained above, velocity measurements were performed. In 
Figure 4.4 the velocity measurement points are denoted on the area occupied by the 
traverse system which was 6 m in length.  
y
x
Denotes the velocity measurement points
1000 300 320 360 380 400 420 440 460 480 500 520 540
100
50
25
0
(600, 100)
(0,0)
FLOW
 Figure 4.4: The location of the points where the velocity measurements were 
performed (in terms of coordinate values; all coordinates are in cm). 
In this sketch, it must be noted that the velocity measurement points were given in 
terms of coordinate values. In this study, all the tests were conducted for the case of 
relatively low velocity values and emergent real vegetation since those conditions are 
commonly observed in low-gradient valleys and floodplains (Jarvela, 2004a). The 
experiments that aimed to examine the variation of velocity profile at the 
downstream of vegetation were conducted for the different combinations of water 
depth, velocity values, and representative “type” of the vegetation. More specifically, 
the experiments on velocity profile measurements along the flume were planned to 
be run for the combination of 2 depth values, 5 consecutive discharge 
(Q1>Q2>Q3>Q4>Q5) values and 3 vegetation species. Table 4.1 summerizes the test 
conditions.  
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Table 4.1: Experimental Schedule 
Exp. No Experiment 
Name 
Water 
Depth 
(in cm) 
Discharge 
Condition 
Representative 
Vegetation Type 
How Many 
Vertical 
Velocity 
Profile 
Obtained 
1 D25-Q1-T1 25 Q1 Type 1 15 
2 D25-Q2-T1 25 Q2 Type 1 15 
3 D25-Q3-T1 25 Q3 Type 1 15 
4 D25-Q4-T1 25 Q4 Type 1 15 
5 D25-Q5-T1 25 Q5 Type 1 15 
6 D40-Q1-T1 40 Q1 Type 1 15 
7 D40-Q2-T1 40 Q2 Type 1 15 
8 D40-Q3-T1 40 Q3 Type 1 15 
9 D40-Q4-T1 40 Q4 Type 1 15 
      
11 D25-Q1-T2 25 Q1 Type 2 10 
12 D25-Q2-T2 25 Q2 Type 2 10 
13 D25-Q3-T3 25 Q3 Type 2 10 
      
15 D25-Q1-T3 25 Q1 Type 3 17 
16 D25-Q2-T3 25 Q2 Type 3 17 
17 D25-Q3-T3 25 Q3 Type 3 17 
18 D25-Q4-T3 25 Q4 Type 3 17 
19 D40-Q1-T3 40 Q1 Type 3 17 
20 D40-Q2-T3 40 Q2 Type 3 17 
21 D40-Q3-T3 40 Q3 Type 3 17 
22 D40-Q4-T3 40 Q4 Type 3 17 
 
4.3 Preliminary Tests 
Several controls were carried out in order to make sure of the quality and the 
reliability of the data. These are briefly summarized in the next two subchapters.   
4.3.1 The effect of sampling number on the data collected by ADV 
Before starting the experiments, it was considered that the measurement results 
obtained from the Acoustic Doppler Velocimeter could be affected by the sampling 
number of the data recorded. Collecting too many samples could be redundantly 
effort and time consuming. On the other hand, collecting data with insufficient 
sampling numbers could lead to misleading results. In the light of these arguments, 
before starting the point measurements, a set of preliminary experiments were 
performed to decide the sampling number for the data. For this purpose, point 
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measurements were undertaken at the upstream and downstream of the vegetation. 
More specifically, those measurements were performed at the points denoted with 
the coordinate values of (300, 50) and (360, 50) in Figure 4.4. In order to determine 
the effect of sampling numbers on measurement results, data collection was repeated 
at the same locations given  above, for the duration of 5, 10, 15, 20, 25, 30, 40, 50, 
60, 90, 120, 150, and 180 seconds with a sampling frequency of 200 Hz. All these 
measurements were carried out at the point which had a 30 cm distance from the 
bottom for the depth of SWL (still water level) 40 cm.  
Throughout the analysis, the variations of mean velocity components in the three 
directions (i.e. u, v, w) with sampling duration were considered. Additionally, their 
variance versus sampling duration was taken into consideration for the points at the 
both upstream and downstream side of the vegetative element. In Figure 4.5 the 
variations of Umean (time averaged mean velocity value in the streamwise direction) 
with respect to corresponding sampling duration are presented.  
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(a) 
Figure 4.5: The variation of umean with respect to sampling duration a) at the 
upstream side of the vegetative element b) at the downstream side of the vegetative 
element 
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(b) 
Figure 4.5 (continued): The variation of umean with respect to sampling duration a) 
at the upstream side of the vegetative element b) at the downstream side of the 
vegetative element 
As may be judged from the Figure 4.5, for the short sampling durations, Umean values 
scatter in a narrow range. Nevertheless, even this small uncertainty in velocity 
measurement is important in the turbulence measurements. This scattering is clearer 
at the downstream side of the vegetative element as expected since the turbulence 
intensity is expected to increase at the downstream of the flume in consequence of 
vegetation. Further, with the increasing number of sampling duration these values 
stabilized in the vicinity of a certain velocity value. With the intention of gain better 
knowledge about the effect of sampling number on quality of measurement data, the 
variation of vmean and wmean with respect to sampling number were also taken into 
consideration. Here vmean and wmean denote time averaged lateral and vertical velocity 
respectively. In Figure 4.6 and Figure 4.7, the variation of vmean and wmean as a 
function of sampling number were depicted respectively.  
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(b) 
Figure 4.6: The variation of vmean with respect to sampling duration a) at the 
upstream side of the vegetative element b) at the downstream side of the vegetative 
element 
 
 50
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
0 50 100 150 200
sampling duration (s)
w
m
ea
n 
(c
m
/s
) a
t t
he
 
up
st
re
am
 
(a) 
 
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
0 50 100 150 200
sampling duration (s)
w
m
ea
n   
(c
m
/s
) a
t t
he
 d
ow
ns
tre
am
 
(b) 
Figure 4.7: The variation of wmean with respect to sampling duration a) at the 
upstream side of the vegetative element b) at the downstream side of the vegetative 
element 
Based on the Figures 4.6 and 4.7, it may be claimed that for sampling duration 
shorter than 30 seconds, the instability in the velocity values are relatively higher 
compared to the velocity values having sampling duration longer than 60 seconds. 
Also, as may be concluded from same figures, the velocity values which have 
sampling duration longer than 60 seconds stabilized. Moreover, the variation of 
variance values of the Umean, vmean, and wmean (it represent the square of turbulence 
intensity for the related direction) with respect to sampling numbers were further 
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analyzed to confirm the idea attained above (Figure 4.8). As may be seen from 
Figure 4.8, collecting data with a sampling duration shorter than 30 seconds gave 
instable results in terms of turbulence intensity as well. However, the variance values 
of velocity records stabilized for the sampling duration longer than 60 seconds. In 
other words, variance values of velocity records which have longer than 60 seconds 
leads to a constant value and this means that collecting data longer than 60 seconds 
does not make any extra contribution in terms of data quality. Based on these 
findings, sampling duration was chosen as 60 seconds and throughout the 
experiments this sampling duration was satisfied.  
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(b) 
Figure 4.8: The variation of the variance values belong to mean velocities with 
respect to different sampling durations a) Umean, b)vmean, c)wmean 
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(c) 
Figure 4.8 (continued): The variation of the variance values belong to mean 
velocities with respect to different sampling durations a) Umean, b)vmean, c)wmean 
4.3.2 The verification of the logarithmic velocity profile 
The validities of the obtained results are misleading unless the velocity profile of the 
non-disturbed flow satisfied the logarithmic velocity profile. Thus, to make sure that 
the velocity profiles of the non-disturbed flow fit the logarithmic velocity profile a 
set of analyses were undertaken. For this purpose, the velocity profiles were plotted 
in semi-logarithmic form (i.e. only the ordinate was in natural logarithmic form) for 
different test conditions. In Figure 4.9 velocity profiles are presented for three tests 
conditions belong to three different vegetation conditions (i.e. Type 1, 2, and 3) and 
denoted in Table 4.1 with experiment no: 1, 12, and 17. As could be seen from 
Figure 4.9, the velocity profiles fit logarithmic velocity distribution properly.  
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Figure 4.9: Example velocity profiles in semi-logarithmic form a) Experiment no:1 
b) Experiment no:12 c) Experiment no:17 
 53
 
 
1.0
10.0
100.0
10 15 20 25
Umean (cm/s)
In
 z
 (c
m
)
 
(b) 
1.0
10.0
100.0
10 15 20 25
Umean (cm/s)
In
 z
 (c
m
)
  
(c) 
Figure 4.9: Example velocity profiles in semi-logarithmic form a) Experiment no:1 
b) Experiment no:12 c) Experiment no:17 
4.4. Data Collection and Processing  
Collecting data for 60 seconds with a sampling frequency of 200 Hz sampling 
frequency in a measurement point provided 12000 data per minute for just a singular 
measurement point for one flow direction. When the total number of the data 
collection point is taken into consideration, which is around 4000, it is seen that there 
is mass of data that need to be processed and converted into a meaningful form. In 
order to do this, the steps which are presented in Figure 4.10 were followed for the 
data processing.  
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Figure 4.10: Flow chart of data processing 
Data Collection (by Vectrino+ 
in “VNO” format) 
Data Filtration 
(exclusion of rough 
errors by ExploreV) 
Creating Data Statistics 
File (by ExploreV in 
“TXT” format) 
Compiling and Listing the Data 
Statistics in a Single “TXT file 
by Fileblender” 
Transferring the Data 
into 
Excel Workheet 
Data Conversion (from “VNO” 
to “ADV”, “HDR” and “DAT” 
format by Vectrino+) 
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The steps which were given in Figure 4.10 were repeated for each measurement 
point. As stated in the previous paragraph, since velocity measurements were carried 
out at roughly 4000 points, those steps were repeated circa 4000 times. During the 
data acquisition, software named “Vectrino+” was employed. This software has been 
developed by Nortek AS for the aim of data collection in high sampling frequencies 
using Vectrino Velocimeter. Vectrino+ creates a file with extension of “VNO” for a 
single point measurement.  After data acquisition was completed, this file converted 
into three different file formats. These were “ADV”, “HDR” and “DAT” formats.  
The obtained ADV files were opened by software named ExploreV. ExploreV is a 
program for post processing data collected by NORTEK acoustic Doppler 
velocimeter. It allows viewing, editing and analyzing large data sets to print and 
export results (Nortek, 2000). The crude data collected from a point measurement 
needs to be refined and filtered to remove the spikes and outlier values. ExploreV 
provides the user with various methods to exclude rough errors in time series 
associated with velocity sampling (Nortek, 2000). In this study, two of those methods 
were adopted and utilized during the exclusion of rough errors and outliers. These 
were 1) correlation score threshold method, 2) velocity threshold method. 
Correlation score threshold replaces velocity values for which the correlation scores 
are lower than the threshold value. The user can optionally specify averaged 
threshold values for all three components or minimum correlation values among all 
three components (Nortek, 2000). During the post-processing process correlation 
score threshold set to 80 averaged one. Values to replace the bad samples might be 
linearly interpolated or excluded from the time series according to the selected 
option. Velocity threshold method replaces the samples in which the magnitude 
exceeds the defined threshold. The threshold value is expressed as a multiplied of the 
standard deviation of each velocity component. Values to replace bad samples are 
calculated in the same manner as for the correlation score threshold method or 
excluded from the time series according to the selected option (Nortek, 2000). 
During the post-processing this value was set as 4. After exclusion of rough errors 
and outliers, the statistics of the data were generated in text format by ExploreV. 
However the format of these created statistics needed to be rearranged. Considering 
large number of the measurement point, a code named “fileblender” was written to  
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rearrange the statistics. In this way, the data statistics belong to different 
measurement points were compiled for each vertical profile. These compiled sets 
were transferred into Microsoft Excel Worksheets to start analyses.   
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5. EXPERIMENTAL RESULTS AND DISCUSSION 
5.1 Introduction 
In the light of the background presented in Chapter 3, an experimental study was 
performed based on the procedure described in Chapter 4.  For this purpose the forms 
of vegetation were classified into three representative groups and called as Type 1, 
Type 2, and, Type 3 as explained in Chapter 3. Then the related results were 
presented on the basis of this classification. In this chapter, the results of the 
experimental investigation are presented and discussed. 
5.2 General Remarks on Flow Field Disturbed by Vegetation 
The velocity measurements were undertaken for three different forms of real 
vegetation (i.e. representative vegetation of Type 1, 2, and 3) both at the upstream 
and downstream of the vegetated section. The measured velocity profiles at the 
upstream and downstream for the three types of vegetation were presented in 
Appendix B. When all experimental cases are taken into assessment, based on the 
velocity profiles belonging to Type 1, 2, and, 3 (Appendix B); it can be said that the 
presence of vegetation leads to considerable amount of sub-canopy flow. This is 
much more significant for Type 2 and 3. Type 3 causes weaker sub-canopy flow 
compared to Type 2. In other words, Type 2 and 3 have a larger influence on flow 
compared to Type 1 in terms of retaining the flow. However it should be noted that 
heavy sub-canopy flow may lead to undesirable possible erosion. Unexpectedly, for 
Type 2 (Figure B.11, B.12, B.13) some negative time averaged velocity values were 
observed at the downstream of vegetation in the region closer to the water surface. 
This is because Type 2 is more compact in terms of the foliage and branch structure, 
hence it retains the flow more significantly. This is an important outcome in terms of 
habitat as it indicates this sort of compact vegetation structure in naturally vegetated 
rivers provides stream variability, which is vital for the improvement of fish habitat 
(Odeh and Cada, 2002).  
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Further understanding about the disturbance length due to presence of vegetation 
gains importance in terms of describing the influence of placement interval of 
vegetation in floodplain. Moreover, yet the relationship between disturbance length 
and vegetative characteristics are unknown. For this purpose, as explained in Chapter 
4, velocity measurements were conducted employing three ADV’s at the locations 
denoted in Figure 4.4 along centerline of the flow. Based on those data, contour plots 
of time averaged velocity profiles were drawn. The software named Tecplot 10.0 was 
used as a tool for this procedure. The obtained velocity contours under the effect of 
vegetation for three representative types are as given in Appendix C. In these 
illustrations the abscissa value of location of vegetal element is “0”. As may be 
concluded from Appendix C, in spite of their porous structures, the existence of any 
type of representative vegetation considerably disturbs the flow field at the 
downstream. However, this effect is more notable for Type 2 since it has relatively 
more compact foliage, branch structure. Also for Type 2 negative velocity values 
were observed in the downstream of vegetation at the area closer to water surface. 
Similarly, extremely low velocity values were observed at the same region for Type 
1, as well. As mentioned above, it was observed that (Appendix C) the presence of 
vegetation leads to strong sub-canopy flow, and this effect is more remarkable for the 
denser form of vegetation as seen in Type 2.  
5.3 Formulating the Effect of Vegetation on Velocity Profile  
The discussion on the effect of presence of vegetation on velocity profile where flow 
through vegetation as presented above. However, those discussions are verbal and 
needed to be expressed in dimensionless and numerical form to make it more 
applicable and adaptable for the later studies. Since the dimensionless numbers are 
introduced in Chapter 3, no more discussions were given here. Instead, only the 
relationships between introduced parameters and the relative depth were interpreted 
below. Nevertheless, in order to facilitate the following text, it would be convenient 
to remind the short form of introduced parameters first: ξ=VIP (Vegetation Intensity 
Parameter); Uu-Ud=VDP (Velocity Difference Parameter); (Uu-Ud)/Uu= NVDP 
(Normalized Velocity Difference Parameter); [(Uu-Ud)/Uu]/ξ=NVVDP (Normalized 
Vegetative Velocity Difference Parameter). 
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In Figure 5.1, the distributions of “velocity difference parameter” (VDP) along the 
depth were presented for the three types of representative vegetative elements 
respectively. As could be concluded from Figure 5.1, the negative VDP values were 
appeared around the region closer to the bed. Negative VDP values indicate the sub-
canopy flow occurrence in this region. Conversely, in the region towards water 
surface VDP take positive values. Positive values point out the flow retaining in 
consequence of existence of vegetation. This retaining effect is highly remarkable 
and clear for Type 2 and Type 3 since those two have higher vegetative intensity 
parameter (VIP) values. However, as could be drawn a conclusion from Figure 5.1a, 
5.1b and Figure 5.1d, 5.1e belonging to Type 1 and 3 respectively, this effect 
diminishes with the increasing water depth. Another outcome that may be drawn 
from Figure 5.1 is that, the retaining effect of the vegetative element increases with 
the increasing flow velocity. This statement is comparatively clearer for Type 2 and 
3 as those have higher VIP value in comparison with Type 1.  
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(b) 
Figure 5.1: The distributions of “velocity difference parameter” along the relative 
depth for a) Type 1, Depth=25cm; b) Type 1, Depth=40cm; c) Type 2, Depth=25cm; 
d) Type 3, Depth=25cm; e) Type 3, Depth=40cm 
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(e) 
Figure 5.1 (continued): The distributions of “velocity difference parameter” along 
the relative depth for a) Type 1, Depth=25cm; b) Type 1, Depth=40cm; c) Type 2, 
Depth=25cm; d) Type 3, Depth=25cm; e) Type 3, Depth=40cm 
The variation of VDP against relative depth is discussed above. However, with the 
aim of deriving a relationship between velocity values non-disturbed flow and 
downstream of vegetation, those parameters need to be represented in dimensionless 
forms. In this way, the obtained results would be expressed in a more applicable and 
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adaptable form in terms of future studies. For this purpose, normalized velocity 
difference parameter (NVDP) was introduced as given in the earlier chapter. This 
parameter gives the retaining percentage of the flow.  Figure 5.2 illustrates the 
variation of NVDP versus relative depth for three types of vegetation respectively. In 
the region where the NVDP has minus value, the velocity value at the downstream of 
vegetation is higher than the one at the upstream. This occurs where the sub-canopy 
flow is observed. Based on the Figure 5.2, it may be claimed that NVDP shows 50 % 
flow retaining due to presence of the vegetation in the region closer to the water 
surface for Type 1. For the same region NVDP takes its maximum value for Type 2 
which is 110 %. This could be explained by the VIP parameter belonging to Type 2. 
The VIP value of Type 2 is highest among the three types of vegetation and therefore 
highest flow retaining is observed in Type 2.  In Type 3, 70-90% flow retaining 
occurs for the same region. However, when the area closer to bed was examined it 
was seen that maximum minus values belong to Type 1. In other words, the severest 
sub-canopy flow was observed for Type 1.  
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(b) 
Figure 5.2: The distributions of “normalized velocity difference parameter” along 
the relative depth for a) Type 1, Depth=25cm; b) Type 1, Depth=40cm; c) Type 2, 
Depth=25cm; d) Type 3, Depth=25cm; e)Type 3, Depth=40cm 
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(e) 
Figure 5.2 (continued): The distributions of “normalized velocity difference 
parameter” along the relative depth for a) Type 1, Depth=25cm; b) Type 1, 
Depth=40cm; c) Type 2, Depth=25cm; d) Type 3, Depth=25cm; e)Type 3, 
Depth=40cm 
The variations of VDP and NVDP with respect to relative depth are analyzed above. 
However, these expressions are not functions of vegetative characteristics. In other 
words, the obtained results are representative only for the vegetative bodies tested. 
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Therefore those experimental results need to be expressed in terms of vegetative 
characteristics to make the data more applicable and comparable for the future 
studies. Vegetative intensity parameter (VIP) which is introduced in the earlier 
chapter was incorporated into NVDP expression for this purpose. The variation of 
the parameters belonging to flow (i.e. streamwise mean velocity measured at the 
upstream and downstream side of vegetation) and vegetative elements were taken 
into account and “normalized vegetative velocity difference parameter” (NVVDP) 
was derived. In Figure 5.2, the distribution of NVVDP along the relative depth was 
illustrated for three types of vegetative element. Since three types of vegetation have 
approximately close VIP values in terms of magnitude, the appearance of Figure 5.3 
is not dramatically differing from Figure 5.2. Hence not to repeat the comments 
given in the previous paragraph, no additional interpretation is presented in this 
paragraph.  
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(b) 
Figure 5.3: The distributions of “normalized vegetative velocity difference 
parameter” along the relative depth for a) Type 1, Depth=25cm; b) Type 1, 
Depth=40cm; c) Type 2, Depth=25cm; d) Type 3, Depth=25cm; e)Type 3, 
Depth=40cm 
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(e) 
Figure 5.3 (continued): The distributions of “normalized vegetative velocity 
difference parameter” along the relative depth for a) Type 1, Depth=25cm; b) Type 
1, Depth=40cm; c) Type 2, Depth=25cm; d) Type 3, Depth=25cm; e)Type 3, 
Depth=40cm 
Several assessments were carried out so far in the light of the experimental data in 
order to further understand the effect of different vegetative elements with different 
architectural properties on streamwise mean velocity profiles. Nevertheless, it is 
considered that generating a simplified formulation which gives the relationship 
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between velocity profile and relative depth would aid river engineers during the 
calculation of the velocity profile at the upstream of vegetation. In order to 
accomplish this, firstly all the data belonging to Figure 5.3a, 5.3b, 5.3c, 5.3d, 5.3e 
were marked on the same graph i.e. Figure 5.4 below. The relationship between 
NVVDP and relative depth is nearly linear in Figure 5.3 but Figure 5.3e. Considering 
this aspect, linear regression lines and corresponding regression equations were 
generated based on the marked experimental data in Figure 5.4a.  In order to 
facilitate the observing of Figure 5.4a, same linear curves are presented again 
without data marks in Figure 5.4b. The gradient, the intercept and some major 
statistics of the regression lines belonging to three types of vegetation are 
summarized in Table 5.1. As may be judged from Figure 5.4 and Table 5.1, each 
linear regression has different gradient and intercept in consequence of their unique 
architectural properties. Because of this reason, the formulation which gives the 
velocity profile at the downstream of vegetation is presented below in a generalized 
form as a function of flow characteristics (i.e. velocity values at the upstream of 
vegetation) and vegetative characteristics (i.e. distribution of volume of vegetation in 
vertical and projection area of vegetation in plane).  
Table 5.1: The gradient and the intercept of the regression lines belong to three type 
of vegetation 
Type Gradient Intercept Correlation 
Coefficient 
1 (Depth=25cm) 0.0034 0.561 0.78 
1 (Depth=40cm) 0.0025 0.516 0.82 
2 (Depth=25cm) 0.0024 0.240 0.93 
3 (Depth=25cm) 0.0039 0.280 0.95 
3 (Depth=40cm) 0.0039 0.202 0.72 
Mean 0.0032 0.360 0.84 
St. Dev. 0.0007 0.166 - 
A common form of a linear equation in two variables is given in Equation 5.1. 
cmxy +=  (5.1) 
Where x and y = the variables of abscess and ordinate respectively; m = gradient; c = 
intercept. Substituting abscissa and ordinate parameters given in Figure 5.4 into 
Equation 5.1 the new form of the equation becomes:  
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Where Uu and Ud=the streamwise mean velocity at the upstream and downstream of 
vegetation respectively; ξ= vegetation intensity parameter (VIP); rearranging 
Equation 5.2: 
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Multiplying both sides of Equation 5.3 by the vegetation intensity parameter (VIP) it 
becomes:  
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(b) 
Figure 5.4: The distributions of “normalized vegetative velocity difference 
parameter” along the “relative depth” for all types of vegetation a) with data markers 
b) without data markers 
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Dividing both sides of Equation 5.4 by 0.0032 constant and rearranging it, the new 
form of the expression could be given as: 
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Multiplying both sides of Equation 5.5 by -1 and rearranging it, the expression takes 
the following form: 
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Considering to leave Ud alone on the one side of Equation 5.6 may facilitate the 
interpretation of the expression, both sides of Equation 5.6 was multiplied by Uu and 
rearranged.    
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Lastly, the expanded form of vegetative intensity parameter (ξ) was substituted in 
Equation 5.7 and the final form of the equation was obtained. The last form of the 
equation is presented below (Equation 5.8).   
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The final form of the Equation 5.8 could be applied for the different types of 
vegetation (i.e. Type 1, 2, and 3) by substituting the related gradient and intercept 
(Table 5.1) values into Equation 5.8. This form of the equation will be called as 
“specific equation” hereafter. However, the obtained formulation would be 
questionable unless the validity of the formulation was verified. So as to verify the 
proposed formulation, the velocity profiles at the downstream of the vegetation were 
predicted employing Equation 5.8 for each type of vegetation and compared with the 
experimentally measured ones. In Figure 5.5 the comparisons were illustrated for the 
vegetation of Type 1, 2 and 3 respectively. Since experiments were carried out in two 
depths for Type 1 and 3, two examples are presented for the verification charts. 
Nevertheless, in some circumstances it may be more convenient to define a singular 
equation not to lead any misusage of formulation for practitioners. Therefore, based 
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on the gradient and intercept values belonging to different test conditions given in 
Table 5.1, mean gradient and intercept values were calculated. Those values are 
underlined in Table 5.1. Equation 5.8 is described based upon the mean values which 
are given in Table 5.1 and this form of Equation 5.8 will be named as “generalized 
equation” hereafter. In the following paragraph a discussion on the performance of 
the Equation 5.8 is presented. In Figure 5.5, “measured velocity values” and 
“predicted velocity values” which was calculated by “specific equation” is given 
together with “generalized equation”. For the verification of the proposed 
formulation, Experiment 3, 6, 11, 15 and 19 (Table 4.1) was taken into assessment. 
In order to observe how the velocity profiles deflected in consequence of presence of 
vegetation, the non-disturbed velocity profile is also added into the charts. Figure 
5.5a and 5.5b showed that in general speaking the introduced formulation Equation 
5.8 provides quite satisfactory results in terms of velocity profile prediction 
performance for Type 1. When measured values and the values obtained by “specific 
equation” are compared, it is seen that the performance of “specific equation” is 
quite satisfactory for the value of lower water depth. For higher depth, the “specific 
equation” gives slightly overestimated velocity values at the region closer to the bed. 
In the vicinity of water surface, “specific equation” gives fairly satisfactory 
outcomes. When the performance of “generalized equation” is taken into 
consideration, it is seen that for shallower case “generalized equation” gives 
underestimated velocity values along the depth. It has better performance than 
“specific equation” for the higher depth value. When Figure 5.3 carefully examined 
it is seen that this is not a surprising outcome since the NVVDP values are highly 
scattered through the depth. Thus proposing one equation may provide better or 
worse results depending on the location of NVVDP curve.    
In Figure 5.5c the predicted and measured velocity values at the downstream of 
vegetation are presented together with non-disturbed velocity profiles for Type 2. As 
seen from Figure 5.5b, the predicted velocity profiles by “specific equation” at the 
downstream of vegetation are in well agreement with the one experimentally 
measured. On the other hand, the “generalized equation” leads to slightly 
overestimated velocity values through the depth. Additionally, the outcomes showed 
that the trend of the velocity profile is predicted well by the proposed equation.  
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The variation of measured velocity values and those predicted by different form of 
proposed equation are illustrated in Figure 5.5d and 5.5e. The velocity values at the 
downstream of the vegetation predicted by both “specific equation” and “generalized 
equation” are in well agreement with the ones experimentally measured along the 
vertical for the lower value of depth. In spite of the fact that the velocity values 
which are predicted by “specific equation” and “generalized equation” are fairly 
close to each other but the region close to the bed. In the region close to the bed, the 
“generalized equation” gives relatively higher velocity values compared to the form 
of “specific equation”. When the two equations are taken into consideration, it is 
clearly seen that both lead to overestimate velocity values in the region close to bed 
and underestimate velocity values in the area close to water surface. However, when 
the trend of measured velocity profile carefully examined it is seen that the profile 
has “s” shape and this profile could not be regarded as general behavior for all 
vegetation.  Therefore it would be more appropriate to take the general trend of 
velocity profile into account.  
In conclusion, the proposed equation (Equation 5.8) provides reasonable outcomes 
during the calculation of anticipated velocity profile at the 1Dv downstream of 
vegetation. However it should be noted the success of the results largely depend on 
the estimation of the volume of the plant in the field with an acceptable accuracy. In 
this context, the theorem which was firstly introduced by McMohan and Kronauer 
(1976) may be utilized. According to McMohan and Kronauer (1976), branching 
pattern is approximately stationary within a plant specimen (Fathi-Maghadam and 
Kouwen, 1997). In other words there is a self similarity between the plant and its 
branch pattern. This similarity may be used as a reference during the calculation 
vegetation intensity parameter.  
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(c) 
Figure 5.5: Comparison between measured and predicted velocity profiles at the 
downstream of vegetative element a) for Experiment no:3; b) for Experiment no:6; c) 
for Experiment no:11; d) for Experiment no:15; e) for Experiment no:19 
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(e) 
Figure 5.5 (continued): Comparison between measured and predicted velocity 
profiles at the downstream of vegetative element a) for Experiment no:3; b) for 
Experiment no:6; c) for Experiment no:11; d) for Experiment no:15; e) for 
Experiment no:19 
5.4 The Influence of Vegetation on Neighbor Velocity Profiles 
The influence of vegetative element in lateral direction was explored based on the 
experimental data in the light of the method given in Chapter 3. The graphs belong to 
variations of time averaged velocity along the depth at the measurement locations 
(Figure 4.4) are given in Appendix D section for all the test conditions. The one of 
the most important conclusion may be drawn from Appendix D  is that the neighbor 
velocity profiles clearly fit to logarithmic velocity profile differing from the one at 
the downstream of vegetation along the centerline. When all the plots were taken into 
consideration in Appendix D, it may be clearly said that the vegetative element leads 
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to considerable velocity increment along the depth at the neighbor locations of 
vegetation. As explained in Chapter 3, the lateral distance between axis of vegetal 
element and neighbor velocity profiles is 0.6Dv. As seen from Figure D.1 to D.9, due 
to the presence of vegetation the time averaged velocity profiles are literally identical 
at the successive neighbor cross sections (i.e. at r300, r320, and r360) for Type 1. 
This is clearer for the shallower case (i.e. depth=25cm) (Figure D.1 to Figure D.9). 
Differing from Type 1, velocity profiles are fairly different from each other at the 
consecutive locations (i.e. r300, r320, and r360) for Type 2 (Figure D.11, D.12 and 
D.13). When those successive neighbor locations are taken into assessment, it is seen 
that unexpectedly the highest velocity profile is not at the vertical that is positioned 
at the same cross-section with vegetation. Surprisingly, the highest velocity profiles 
are observed at the locations “r360” which is at the 40 cm downstream of vegetative 
element. In spite of the fact that it is not as clear as Type 2, same circumstance was 
observed for Type 3 too (Figure D.15 to D.22). This is more noticeable for lower 
water depth in Type 3 (Figure D.15 to D.18). In summary, the presence of vegetation 
induces higher streamwise mean velocity at the neighbor locations of vegetative 
element. However, these assessments are verbal and it would be convenient to 
express it in numerical and dimensionless form. For this purpose, the non-disturbed 
velocity profiles and the velocity profile which is located at the same cross-section 
with vegetative element were compared and illustrated in dimensionless form in 
Figure 5.6 below. Since the details about the dimensionless expression were 
discussed in earlier chapter, no more discussion is presented in this chapter. 
However, it could be suitable to repeat in this connection that the dimensionless 
number belong to abscissa defines the ratio of increment in velocity in terms of 
percentage due to presence of vegetation. As may be seen from Figure 5.6a, when all 
the representative cases are considered it is seen that 10-30% velocity increment 
occurs at 0.6Dv cm neighbor locations in area closer to water surface of vegetative 
element. However, this percentage (10-30%) increases towards to depth. At the 
region closer to bed this ratios take the values of 20-60 %. Nevertheless, considering 
it is necessary to represent these ratios in terms of vegetative characteristics, Figure 
5.6b was illustrated below.  
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(b) 
Figure 5.6: Comparison of velocity profiles which are located at the same cross-
section with vegetative element and which has 0.6Dv cm lateral distance from the 
element a) normalized velocity difference parameter versus relative depth b) 
normalized vegetative velocity difference parameter versus relative depth 
5.5 The Impact of Vegetation on Time Averaged Vertical Velocity  
Non-disturbed case: 
Time averaged vertical velocity versus relative depth is depicted in Figure 5.7 for 
non-disturbed flow for the test for Type 1, 2, and 3.  As seen from Figure 5.7, around 
the region where z/z0>0.2-0.3 time averaged vertical velocity take negative values for 
the non-disturbed case. In other words, vertical component towards to water surface 
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in this region. Below the interface (which correspond to z/z0<0.4) time averaged 
vertical velocity values leads to either zero or positive values.  
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(b) 
Figure 5.7: The variation of time averaged vertical velocity values against to relative 
depth belong to non-disturbed flow for a) Type 1, b) Type 2, c) Type 3 
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(c) 
Figure 5.7 (continued): The variation of time averaged vertical velocity values 
against to relative depth belong to non-disturbed flow for a) Type 1, b) Type 2, c) 
Type 3 
Type 1 
Time averaged vertical velocity measured at the downstream of vegetation is plotted 
against to relative depth and presented in Figure 5.8. As could be seen from Figure 
5.8, time averaged vertical velocity values is not significantly different from non-
disturbed case in terms of magnitude for Type 1. Furthermore, the magnitude of time 
averaged vertical velocity is fairly low. In parallel with non-disturbed case, time 
averaged vertical velocity values are mostly positive along the depth but the region 
closer to bed. Despite of the fact that it is not rather obvious, time averaged vertical 
velocity has tends to increase around the interface between Zone 1 and Zone 2. This 
is very characteristic for all cases i.e. Type 1, 2 and, 3.  
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Figure 5.8: Time averaged vertical velocity measured at the downstream of 
vegetation versus relative depth for Type 1 
The abscess of Figure 5.9 gives the additional time averaged vertical velocity 
percentage due to presence of vegetation. As may be seen from the Figure 5.9, at the 
downstream side of the vegetation the time averaged vertical velocity mostly take 
lower values compared to one at the upstream for Type 1. This situation can be 
explained with the foliage structure of the vegetation. As may be seen from the 
Figure A.1, Pinus Pinea foliages are fairly skinny and long. Thanks to this property 
the foliages adapt streamlines very easily and mitigate the vertical component of the 
flow. In addition to normalized vertical velocity difference parameter for Type 1, 
also is the variation of normalized vegetative vertical velocity difference parameter 
with respect to relative depth for Type 1 is given in Appendix E.1.  
 77
0.0
0.2
0.4
0.6
0.8
1.0
-8.0 -4.0 0.0 4.0 8.0 12.0
[(wmean)d-(wmean)u]/(wmean)u (-)
z/
z0
 (-
)
Exp1
Exp2
Exp3
Exp4
 
Figure 5.9: The variation of normalized vertical velocity difference parameter with 
respect to relative depth for Type 1 
Type 2 
The time averaged vertical velocity observed at the downstream of vegetation versus 
relative depth is depicted in Figure 5.10 for Type 2. In Type 2, stronger time 
averaged vertical velocity values were observed compared to Type 1 around the 
interface between Zone 1 and Zone 2. This could be explained by the stronger under 
canopy flow that occurs owing to plant architecture of Type 2. In other words, 
depending on the vegetation architecture more severe under canopy flow occurs in 
Type 2. Above the interface, time averaged vertical velocity does not differentiate 
along the depth for Type 2. Nevertheless, it should be also kept in mind that the 
magnitude of the time averaged vertical velocity is not quite high along the depth 
compared to streamwise time averaged mean velocity values.  
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Figure 5.10: Time averaged vertical velocity measured at the downstream of 
vegetation versus relative depth for Type 2 
In Figure 5.11, additional time averaged vertical velocity percentage due to presence 
of vegetation versus relative depth is given for Type 2. As may be concluded from 
Figure 5.11 that the existence of vegetation induces approximately 200-300 % 
additional time averaged vertical velocity at the upper part of z/z0=0.8 for Type 2. At 
the location of 0.5<z/z0<0.8 the additional time averaged vertical velocity values take 
negative values which means the presence of vegetation reduce the time averaged 
vertical velocity. In the vicinity of the interface between Zone1 and Zone 2, the 
vertical velocity addition due to the vegetation dramatically increases and indicates 
300-400% additional time averaged vertical velocity. The variation of normalized 
vegetative vertical velocity difference parameter with respect to relative depth for 
Type 2 is given in Appendix (E.2). 
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Figure 5.11: The variation of normalized vertical velocity difference parameter with 
respect to relative depth for Type 2 
 
Type 3 
Time averaged vertical velocity values are slightly larger in Type 3 compared to 
Type 1 and Type 2 around the interface between Zone 1 and Zone 2. More 
specifically, approximately 2-4 cm/s velocity values were observed towards to water 
surface around the region interface. This situation could be explained with the strong 
under canopy flow.  In fact, as could be seen from contour plots (Figure D.15 to 
D.18) though there is a strong under canopy flow in Type 3, the time averaged mean 
velocity in the streamwise direction is pretty low in the region Zone 2. Because of 
this reason, a strong momentum transfer occurs towards to water surface direction. 
In Zone 2, around the region z/z0=0.5-0.6 time averaged mean vertical velocity is in 
the vicinity of zero value. Above z/z0=0.5-0.6 towards to water surface time averaged 
mean vertical velocity has values between-1cm/s and -2cm/s. Here it should be 
noticed that negative values indicate the flow direction towards bed,  
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Figure 5.12: Time averaged vertical velocity measured at the downstream of 
vegetation versus relative depth for Type 3 
The relationship between relative depth and the additional time averaged vertical 
velocity due to presence of vegetation for Type 3 is given in Figure 5.13. As may be 
seen from Figure 5.12, at the upper part of z/z0=0.5 (i.e. z/z0>0.5), the additional time 
averaged vertical velocity ratios has negative values since at the downstream of the 
vegetation time averaged vertical velocity is already negative (Figure 5.12). Negative 
vertical velocity values indicate the flow direction is towards to water surface. It can 
be judged from Figure 5.12 that at the lower part of z/z0=0.5 (i.e. z/z0<0.5) up to 8 
times higher time averaged vertical velocity values were observed at the downstream 
side of the vegetation. Especially when the interface between zone1 and zone2 is 
considered, it may be seen that 6-10 times larger values are occurred due to under 
canopy flow. In addition to normalized vertical velocity difference parameter for 
Type 3, also the variation of normalized vegetative vertical velocity difference 
parameter with respect to relative depth for Type 3 is given in Appendix (E.3). 
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Figure 5.13: The variation of normalized vertical velocity difference parameter with 
respect to relative depth for Type 3 
The relationship between “distances from bottom” versus “vegetation volume” is 
depicted in Figure 3.3. When the results from Figure 3.3 and the results given in the 
paragraph above both considered, strangely it was seen that flow is less disturbed by 
Type 3 though the occupied volume of Type 3 is higher compared to Type 1 and 2. 
This could be explained by the plant architecture of vegetation which has relatively 
high trunk and first order branch volume and low foliage volume.  
Despite of the fact that Type 2 and 3 have close values of volume for the given 
depth, more severe under-canopy flow was observed in Type 3. This could be 
explained by more stiff foliage nature of Cupressus Macrocarpa (which characterizes 
Type 3) compared to Thuja Oriantalis (which characterizes Type 2).  
5.6 The Effect of Vegetation on Streamwise Turbulence Intensity 
The variation of streamwise turbulence intensity with relative depth is shown below 
for Type1, 2 and 3. As could be seen from Figure 5.14, 5.16, and 5.17, streamwise 
turbulence intensity increases towards to bed for all cases. Furthermore, when flow 
velocities are also taken into consideration, it may be said that with the increasing of 
flow velocity the gradient of [(dz/z0)/du’rms] prone to decrease.  
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Based on the Figure 5.14 to 5.19, it may be said that streamwise turbulence intensity 
increases towards to bed for non-disturbed case. Furthermore, it was seen that with 
the decreasing time averaged mean velocity [(dz/z0)/durms] gradient prone to 
decrease.  
 
Type 1 
The variation of streamwise turbulence intensity with relative depth is given at 
downstream of vegetation and the non-disturbed case. When the streamwise 
turbulence intensity at the downstream of vegetation and non-disturbed case are 
compared it was seen that there is no significant difference between those two in 
terms of magnitude. This result is in agreement with the time averaged mean vertical 
velocity values measured for non disturbed case and at the downstream of vegetation.  
It would be convenient to analyze the streamwise turbulence intensity in two parts; 
those are above and below of z/z0=0.84. Above z/z0=0.84, the streamwise turbulence 
intensity values dramatically increase towards to water surface. This part corresponds 
to the area where foliage and branch volume is significantly high (Figure A.1) 
compared to below part of it. This could be attributed to time averaged mean 
velocity. As may be seen form Figure B.1, B.2, B.3 and B.4, the gradient of time 
averaged mean velocity with depth is higher around the region closer to water 
surface compared to below part since the blockage of the vegetation is pretty high in 
this region. In other words, in this part [d(z/z0)/dUmean] ratio is lower behind the 
vegetation compared to non-disturbed case.  
Below the z/z0=0.84, streamwise turbulence intensity increases linearly towards to 
the bed. As is seen from Figure 5.14 , with the increasing flow velocity the gradient 
of this linear part decreases. Additionally, below z/z0=0.84 there is no dramatic 
difference between streamwise turbulence intensity at the downstream of vegetation 
and non-disturbed case. In fact, this is a surprising outcome as the time averaged 
mean velocities are quite different from each other at these two locations. On the 
other hand, when the time averaged mean vertical velocities are considered (Figure 
B.1, B.2, B.3 and B.4) it may be seen that this parameter takes lower values for Type 
1 compared to Type 2 and 3 which indicates lower momentum transfer between 
layers for Type 1. This result is in an agreement with observed streamwise 
turbulence intensity.  
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(c) 
Figure 5.14: The variation of streamwise turbulence intensity with relative depth for 
Type1 a) Experiment 1, b) Experiment 2, c) Experiment 3 
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The relationship between relative depth and additional streamwise turbulence 
intensity owing to existence of vegetation is given in Figure 5.15. As it may be 
concluded from Figure 5.15, the highest contribution to additional streamwise 
turbulence intensity is at the location where the vegetation block the flow relatively 
more (z/z0>0.9). However, even at this location the additional turbulence intensity 
ratio is not larger than 100%. On the other hand, as could be concluded form Figure 
5.15, at the lower part of z/z0<0.9 the additional turbulence intensity values may take 
either negative or positive values. More specifically, the presence of vegetation 
induces ±20 % additional streamwise turbulence intensity. In other words, for Type 1 
the contribution of vegetation on additional streamwise turbulence intensity is not 
distinctive accept at the location of z/z0>0.9. This situation can be explained by 
comparatively low blockage ratio for Type 1 at the location of z/z0<0.9. Additionally, 
the variation of normalized vegetative streamwise turbulence intensity parameter 
with respect to relative depth for Type 1 is given in Appendix (F.1). 
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Figure 5.15: The variation of normalized streamwise turbulence intensity parameter 
with respect to relative depth for Type 1 
Type 2 
The streamwise turbulence intensity could be considered in two parts at the 
downstream of the vegetation (Figure 5.16). These are above and below z/z0=0.4 
which correspond to interface between Zone 1 and 2. In general speaking, as could 
be seen from Figure 5.16 extra streamwise turbulence intensity due to presence of 
vegetation is relatively stronger along the depth in Type 2. In a way, this situation 
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indicate the existence of vegetation largely dissipate the energy in Type 2. Above 
z/z0=0.4, when the streamwise turbulence intensity examined it is seen that for Type 
2 the values of this parameter are relatively smaller compared to Type 1. The 
turbulence at the downstream has lower values around water surface and it increases 
towards to interface. In the vicinity of interface it reaches peak values. In other 
words, maximum turbulence is appeared around the level where the second degrees 
of branches are appeared. A relationship could be established between this result and 
time averaged mean vertical velocity observed at the same level. In fact, around the 
same level time averaged mean vertical velocity values reach the peak values as well. 
These prove that there is a high momentum transfer between the vertical layers. The 
results obtained from “vertical turbulence intensity” versus “relative depth” variation 
are supportive for these conclusions. Below z/z0=0.4 streamwise turbulence intensity 
decreases towards to bed.  
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Figure 5.16: The variation of streamwise turbulence intensity with relative depth for 
Type 2 a) Experiment 11, b) Experiment 12, c) Experiment 13 
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Figure 5.16 (continued): The variation of streamwise turbulence intensity with 
relative depth for Type 2 a) Experiment 11, b) Experiment 12, c) Experiment 13 
Figure 5.17, presents the variation between relative depth and additional streamwise 
turbulence intensity owing to vegetation for Type 2. In Type 2, differing from Type 1 
the additional turbulence intensity due to vegetation is always positive. This situation 
may be associated with the dense foliage structure of Type 2. In fact also for Type 1, 
in parallel with Type 1, where the foliage density is high (z/z0>0.9) the additional 
turbulence intensity is fairly high. When the scale of additional streamwise 
turbulence due to vegetation is considered it may be concluded that, up to 90 % 
additional streamwise turbulence occurred (Figure 5.17). Further when each of the 
experiment is individually examined, it may be seen that slightly higher additional 
turbulence occurred in the vicinity of interface between Zone1 and Zone2. Moreover, 
at the lower part of this interface additional turbulence tends to decrease. Also, based 
on the Figure 5.17 it may be claimed that with the increasing flow velocity, the 
additional turbulence increases. Additionally, the variation of normalized vegetative 
streamwise turbulence intensity parameter with respect to relative depth for Type 2 is 
given in Appendix (F.2). 
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Figure 5.17: The variation of normalized streamwise turbulence intensity parameter 
with respect to relative depth for Type 2 
Type 3 
In Figure 5.18 the variation of streamwise turbulence intensity owing to presence of 
vegetation with relative depth is given for non-disturbed case. Figure 5.18 showed 
that streamwise turbulence intensity between non-disturbed case and measured at the 
downstream of vegetation is not dramatically different from each other in terms of 
magnitude. However as is seen in Figure 5.18, when the time averaged mean velocity 
is high the streamwise turbulence intensity is relatively higher than the one belong to 
non-disturbed case.  
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(a) 
Figure 5.18: The variation of streamwise turbulence intensity with relative depth for 
Type 3 a) Experiment 15, b) Experiment 16, c) Experiment 17, d) Experiment 18 
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(d) 
Figure 5.18 (continued): The variation of streamwise turbulence intensity with 
relative depth for Type 3 a) Experiment 15, b) Experiment 16, c) Experiment 17, d) 
Experiment 18 
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When the variation of the streamwise turbulence intensity with depth is examined it 
is seen that differing from Type 1 and 2, the curve of Type 3 has a more smooth 
character. In other words, any peak value was not observed along the depth in Type 3 
like observed in Type 1 at closer to surface or like observed in Type 2 around the 
interface. 
In Figure 5.19, relative depth versus additional streamwise turbulence due to 
vegetation is given for Type 3. In parallel with Type2, Type 3 point out that when the 
flow velocity increases, the additional turbulence intensity due to vegetation 
increases. Another conclusion that may be drawn from Figure 5.19 that variation of 
additional streamwise turbulence intensity along the depth is not very characteristic 
for Type3. When the size of the additional turbulence is taken into consideration, it 
can be seen from Figure 5.19 that approximately ± 50 % additional turbulence 
occurred due to presence of vegetation. In other words, vegetation increases or 
decreases the streamwise turbulence depending on the magnitude of velocity for 
Type3. The variation of normalized vegetative streamwise turbulence intensity 
parameter with respect to relative depth for Type 3 is given in Appendix (F.3) 
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Figure 5.19: The variation of normalized streamwise turbulence intensity parameter 
with respect to relative depth for Type 3 
When all experimental results belong to three types of vegetation are taken into 
consideration, it was seen that the sizes of additional streamwise turbulence 
intensities vary depending on the vegetation type. Furthermore, it was observed that 
additional turbulence intensity due to vegetation is relatively high where the 
blockage of the vegetation is high in all types of vegetation. However, the size of the 
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additional streamwise turbulence is not considerably high even for the locations 
where the additional turbulence intensity is comparatively high. The highest 
additional streamwise turbulence intensity observed in the tests is not larger than 100 
%. On the other hand, as may be judged from the following section, this ratio takes 
much higher values for vertical turbulence intensity. Another general conclusion that 
may be drawn from the experimental result is that with the increasing flow velocity 
additional streamwise turbulence increases.  
The variation of “additional turbulence intensity due to vegetation” versus “relative 
depth” for three types of vegetation was analyzed in this section. The additional 
streamwise turbulence intensity is combined with vegetative parameter and given by 
Figure (E.2). 
5.7 The Effect of Vegetation on Vertical Turbulence Intensity 
The performed measurements showed that vertical turbulence intensity is not a 
function of depth and it takes a constant value along the water depth for non-
distrubed flow (Figure 5.20, 5.22 and 5.24). However, in all cases differing from 
streamwise turbulence intensity, vertical turbulence intensity takes much higher 
values in comparison with non-disturbed case. When all cases are taken into 
consideration it could be claimed that at the downstream of vegetation vertical 
turbulence intensity is two or three times bigger than the non-disturbed case.  In a 
way this situation indicates that presence of vegetation leads to much extra larger 
vertical turbulence intensity compared to streamwise turbulence intensity. Another 
common side of three type of vegetation is that vertical turbulence intensity reaches 
the peak values in the vicinity of interface.  
Type 1 
The variation of vertical turbulence intensity with relative depth is illustrated in 
Figure 5.20. As is seen from Figure 5.20 the curve has “S” shape with a maximum 
appeared around the interface. In parallel with streamwise turbulence intensity, 
vertical turbulence intensity is also takes maximum values at the region close to the 
water surface. This part corresponds to the region where the foliage and branch 
volume is significantly high (Figure A.1) compared to below part of it. In other 
words, in this part the resistance to flow is the highest. It is a well known fact that 
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between two points, how the energy difference is high, energy flux between those 
two is that much high. Based on this fact, when the time averaged mean velocities 
belong to Type 1 are checked (Figure B.1, B.2, B.3, (B.4)) it is seen that at the points 
closer to the water surface, the velocity differences between layers are high. This 
induces larger degree of momentum transfer between the layers and this leads to 
larger degree of streamwise and vertical turbulence intensity. Another location where 
the maximum vertical turbulence intensity occurs is the vicinity of the interface 
between Zone 1 and 2. In parallel with observing peak vertical turbulence intensity 
around the interface, time averaged velocities are also takes the peak values around 
this region. For the other types (for both Type 2 and 3), maximum vertical turbulence 
intensity observed around this region as well.  
The lowest value of vertical turbulence intensity is appeared at the locations of 
z/z0=0.76; z/z0=0.76;  z/z0=0.76 and, z/z0=0.68 for the subsequent four experiments 
respectively. This observed low value of vertical turbulence intensity at this region 
could be explained by further understanding time averaged mean velocity belong to 
this location (Figure B.1, B.2, B.3, 3.4). As could be seen from Figure B.1, B.2, B.3, 
B.4, at the just above and below neighbour measurement points, time averaged mean 
velocity values are not substantially different than the values at aforementioned 
locations above. As is stated in previous paragraph, how the magnitude of energy 
difference is high between two points, the energy flux between those two is that 
much high. In this connection, when the time averaged mean velocities represent 
flow energy in away, the reason of low value of vertical intensity is better understood 
for the locations aforementioned.  
When it is considered that the magnitude of occurred energy transfer between flow 
layers is dependent on the magnitude of the difference of energy between those 
layers this outcome could be more easily understood.    
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(c) 
Figure 5.20: The variation of vertical turbulence intensity with relative depth for 
Type 1; a) Experiment 1, b) Experiment 2, c) Experiment 3, d) Experiment 4 
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(d) 
Figure 5.20 (continued): The variation of vertical turbulence intensity with relative 
depth for Type 1; a) Experiment 1, b) Experiment 2, c) Experiment 3, d) Experiment 4 
The variation of “additional vertical turbulence intensity percentage due to existence 
of vegetation versus relative depth is given below (Figure 5.21). Figure 5.21 showed 
that the presence of vegetation leads to dramatic increment of the additional vertical 
turbulence intensity for Type 1. More specifically, presence of vegetation produces 
circa 220 % extra vertical turbulence. This value is almost double of additional 
streamwise turbulence due to vegetation. In spite of the fact that it is not quite 
distinctive, it may be said that with the increasing flow velocity, vegetation induced 
additional vertical turbulence intensity ratio prone to increase. In parallel with the 
earlier results above, the highest extra turbulence intensity due to vegetation is in the 
region of water surface. The variation of normalized vegetative vertical turbulence 
intensity parameter with respect to relative depth for Type 1 is given in Appendix 
(G.1). 
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Figure 5.21: The variation of normalized vertical turbulence intensity difference 
parameter with respect to relative depth for Type 1 
Type 2 
The variation of vertical turbulence intensity with respect to relative depth is as given 
in Figure 5.22. As seen from Figure 5.22, vertical turbulence intensity has smoother 
curve for Type 2 compared to Type 1. Furthermore, it is seen that maximum values 
of this parameter along the depth is located in the vicinity of interface.  When the 
variation of time averaged mean velocity against to relative depth examined (Figure 
B.11, B.12 and B.13) it is seen that at the location where the vertical turbulence 
intensity high, time averaged mean velocity is high. In other words, at that locations 
severe under-canopy flow occurrence has been observed. Time averaged vertical 
velocity get maximum values around the same region along the depth (Figure 5.10. 
As seen from Figure 5.22, vertical turbulence intensity linearly increases along depth 
towards to interface. In spite of the fact that there is no substantial number of data 
below interface it may be claimed that vertical turbulence intensity prone to decrease 
towards to bed.  
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(c) 
Figure 5.22: The variation of vertical turbulence intensity with relative depth for 
Type 2; a) Experiment 11, b) Experiment 12, c) Experiment 13 
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Figure 5.23 depicts the variation between “additional vertical turbulence intensity 
due to vegetation” and “relative depth”. When Figure 5.23 considered, it is said that 
up to 200 % extra vertical turbulence intensity occurred in consequence of presence 
of vegetation. Another conclusion that could be drawn from Figure 5.23 that with the 
increasing flow velocity, the additional turbulence ratio increases. Furthermore, it 
was seen that maximum additional turbulence intensity ratio occur around z/z0=0.4 
value. This point corresponds to interface between Zone 1 and Zone 2. The variation 
of normalized vegetative vertical turbulence intensity parameter with respect to 
relative depth for Type 2 is given in Appendix (G.2). 
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Figure 5.23: The variation of normalized vertical turbulence intensity difference 
parameter with respect to relative depth for Type 2 
Type 3 
Vertical turbulence intensity versus relative depth variation is depicted in Figure 
5.24. The curves belong to Type 3 composed of two parts. Vertical turbulence 
intensity increase towards to interface from the region close to the water surface. At 
the slightly below of interface, maximum vertical turbulence intensity values were 
observed. From this point to bed, this parameter tends to decrease. This circumstance 
could be associated with time averaged vertical velocity. In agree with vertical 
turbulence intensity, time averaged vertical velocity has the maximum around the 
interface; and below the interface that prone to decrease.  
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(c) 
Figure 5.24: The variation of vertical turbulence intensity with relative depth for 
Type 3; a) Experiment 15, b) Experiment 16, c) Experiment 17, d) Experiment 18 
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(d) 
Figure 5.24 (continued): The variation of vertical turbulence intensity with relative 
depth for Type 3; a) Experiment 15, b) Experiment 16, c) Experiment 17, d) 
Experiment 18 
The distribution of additional vertical turbulence intensity ratio due to vegetation is 
as given in Figure 5.25. Figure 5.25 clearly showed that maximum additional vertical 
turbulence intensity occurs in the vicinity of interface between Zone 1 and Zone 2. 
More specifically, this additional vertical turbulence ratio takes the value of between 
100% and 200%. Though there is no enough large number of substantial data, it may 
be roughly said that additional vertical turbulence intensity ratio has a tendency to 
decrease below the interface. On the other hand, additional vertical turbulence 
intensity ratio decreases towards to water surface above the interface. The variation 
of normalized vegetative vertical turbulence intensity parameter with respect to 
relative depth for Type 3 is given in Appendix (G.3). 
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Figure 5.25: The variation of normalized vertical turbulence intensity difference 
parameter with respect to relative depth for Type 3 
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5.8 The Impact of Vegetation on Turbulence Kinetic Energy 
The variation between turbulence kinetic energy observed at the downstream and 
upstream of vegetation is given below for Type 1, 2 and 3. In the light of these data it 
was seen that considerably higher turbulence kinetic energy occurs at the 
downstream of plant in consequence of presence of vegetation. In a way this result 
indicates the presence of vegetation leads to dissipation of energy. Further, the 
variation of “additional turbulence kinetic energy ratio owing to existence of 
vegetation” versus “relative depth” is examined for each type below as well. 
Type 1 
Turbulence kinetic energy versus relative depth is depicted in Figure 5.26 for Type 1. 
Based on Figure 5.26 it may be said that the vegetation produce considerably high 
turbulence kinetic energy at the downstream of vegetation for Type 1. At the region 
closer to the water surface, the turbulence kinetic energy is relatively higher 
compared to lower part of this area. This is the most distinctive property of Type 3. 
When Figure (A.1) is carefully examined it may be seen that vegetation density is 
comparatively higher where the turbulence kinetic energy is relatively higher. In 
parallel with non-disturbed case, turbulence kinetic energy increases towards to bed 
where disturbed by vegetation.  
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(a) 
Figure 5.26: The variation of vertical turbulence intensity with relative depth for 
Type 1; a) Experiment 1, b) Experiment 2, c) Experiment 3, d) Experiment 4 
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(d) 
Figure 5.26 (continued): The variation of vertical turbulence intensity with relative 
depth for Type 1; a) Experiment 1, b) Experiment 2, c) Experiment 3, d) Experiment 4 
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The variation of “additional turbulence kinetic energy ratio owing to existence of 
vegetation” versus “relative depth” is depicted for Type 1 in Figure 5.27 based on the 
four different experiments. As could be concluded from Figure 5.27, the most 
significant part of extra turbulence kinetic energy occurs in the vicinity of water 
surface. This point correspond to area where the flow highly obstructed by 
vegetation. More precisely, the additional turbulence kinetic energy ratio takes the 
value of 270% and 400% depending on the mean velocity flow. This result 
overlapped with the result obtained from streamwise turbulence intensity ratio for 
Type 1 (Figure (5.15). In other words, the component of streamwise turbulence 
intensity dominates the additional turbulence kinetic energy for Type 1. The 
variation of normalized vegetative turbulence kinetic energy parameter with respect 
to relative depth for Type 1 is given in Appendix (H.1) 
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Figure 5.27: The variation of turbulence kinetic energy difference parameter 
difference parameter with respect to relative depth for Type 1 
Type 2 
In Figure 5.28, the variation of turbulence kinetic energy with relative depth is 
presented. With reference to Figure 5.28, it could stated that presence of vegetation 
bring about higher turbulence kinetic energy at the downstream of vegetation along 
the depth. Maximum turbulence kinetic energy was observed around the interface 
between Zone 1 and Zone 2. This situation is a characteristic property for Type 2. 
Streamwise turbulence intensity and vertical turbulence intensity take the maximum 
values for each individual experiment at the same region. In spite of the fact that 
 102
there is no enough large number of substantial data below the region, it may be said 
that below the interface turbulence kinetic energy prone to decrease towards to bed.   
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(c) 
Figure 5.28: The variation of vertical turbulence intensity with relative depth for 
Type 2; a) Experiment 11, b) Experiment 12, c) Experiment 13 
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In Figure 5.29 the relationship between “additional turbulence kinetic energy ratio in 
consequence of presence of vegetation” and “relative depth” was illustrated for Type 
2 based on the three different experiments. As can be seen from Figure 5.29, the 
highest additional turbulence occurrence appeared around the region of interface 
between Zone 1 and Zone 2 at the downstream of vegetation. At the same region 
streamwise turbulence intensity and vertical turbulence intensity take the maximum 
values along the depth. In numerical speaking, approximately 150%-300% additional 
turbulence kinetic energy occurs at the downstream of vegetation. On the other hand, 
the additional turbulence kinetic energy ratio decreases towards to water surface 
along the depth for Type 2. The variation of normalized vegetative turbulence kinetic 
energy parameter with respect to relative depth for Type 2 is given in Appendix 
(H.2). 
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Figure 5.29: The variation of turbulence kinetic energy difference parameter 
difference parameter with respect to relative depth for Type 2 
Type 3 
 “Turbulence kinetic energy due to presence of vegetation” against to “relative 
depth” is as given in Figure 5.30.  In general speaking, Figure 5.30 showed that 
existence of vegetation generates considerable extra turbulence kinetic energy at the 
downstream of vegetation for Type 3. Nevertheless around the region closer to water 
surface, relatively lower turbulence kinetic energy values were observed compared to 
non disturbed case for four experiments in Type 3. This is fairly distinguishing 
feature for Type 3 since this situation has been observed neither in Type 1 nor in 
Type 2.  At the region towards to the bed, turbulence kinetic energy exhibit similar 
character with non-disturbed case but take relatively higher values.  
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(c) 
Figure 5.30: The variation of vertical turbulence intensity with relative depth for 
Type 3; a) Experiment 15, b) Experiment 16, c) Experiment 17, d) Experiment 18 
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(d) 
Figure 5.30 (continued): The variation of vertical turbulence intensity with relative 
depth for Type 3; a) Experiment 15, b) Experiment 16, c) Experiment 17, d) 
Experiment 18 
In Figure 5.30, the variation of “additional turbulence kinetic energy ratio as a result 
of presence of vegetation” with “relative depth” is illustrated in Figure 5.30 for the 
downstream side of vegetation. Based on the Figure 5.30 it could be claimed that 
presence of vegetation bring about negative additional turbulence kinetic energy ratio 
closer to water surface which means the existence of vegetation leads to less 
turbulence around the region closer to water surface. As pointed out above, this is 
very distinctive feature for Type 3 and any negative additional turbulence kinetic 
energy ratio values closer to water surface was observed in none of the experiments 
but Type 3. In the vicinity of this region, up to 70% less “additional turbulence 
kinetic energy values” were observed. The additional turbulence kinetic energy ratio 
exhibit augmentation from water surface to bed and take the maximum value around 
the region closer to interface. The variation of normalized vegetative turbulence 
kinetic energy parameter with respect to relative depth for Type 3 is given in 
Appendix (H.3) 
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Figure 5.31: The variation of turbulence kinetic energy difference parameter 
difference parameter with respect to relative depth for Type 3 
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6. CONCLUSIONS 
The major goal of the study was to explore the impact of presence of singular 
vegetation in flow domain, such as a tree with large trunk, on flow characteristics. 
For this purpose an experimental study was conducted under controlled laboratory 
conditions using real vegetative elements. In order to analyze this commonly 
observed phenomenon, trees with large trunks were classified into three groups on 
the basis of their volume versus height relation. The primary difference between 
those introduced three types was the volume increment gradient along the height. For 
given successive height intervals, the volume of vegetation that belongs to any 
interval is always larger than the volume of the interval that belongs to the one closer 
to bed for Type 1 (Pinus Pinea), approximately constant for Type 2 (Thuja 
Orientalis), smaller for Type 3 (Cupressus Macrocarpa). In other words, this 
definition could be also summarised as ( ){ }[ ]0// <∂∂∂ hhV  for Type 1; 
( ){ }[ ]0// ≅∂∂∂ hhV  for Type 2  and ( ){ }[ ]0// >∂∂∂ hhV  for Type 3. The conclusions 
given in this chapter are dependent upon the vegetation types and therefore it is 
definitely necessary to interpret the results considering the architectural and foliage 
structure properties of three types of tree models. Based on this classification and the 
experimental data, the following conclusions were drawn.  
Experimental findings revealed that flow at the downstream of vegetation is 
significantly retarded by vegetative element and the velocity profile no longer 
follows the logarithmic law profile. Additionally, a gap was detected in the literature 
that there is still not any method or formulation which gives the velocity profile at 
the downstream of vegetation depending on the vegetative characteristics. It was 
considered that generating a simplified formulation which gives the velocity profile 
at the downstream of vegetation is necessary for river engineers. Based on the 
experimental data, an empirical equation was derived. The proposed formulation 
gives the velocity values at the downstream of vegetation depending on the distance 
from the bottom. The formulation was derived for the distance of 1Dv between 
vegetation and predicted velocity profile. The validity of the formulation was 
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examined by the experimental data and it was seen that the formulation gives quite 
satisfactory results. The parameters “m” and “c” take different values depending on 
the type of vegetation. However, the results also showed that generalized form of the 
equation gives fairly reasonable predictions and this makes the usage of the formula 
easier. In this context, estimating the volume of vegetation in the field with an 
acceptable accuracy is crucial for the success of the equation. The self-similarity 
between the plant and its branch can be employed as a reference during the 
calculation of volume of vegetation.  
The experimental data of time averaged velocity showed that sub-canopy flow occurs 
at the downstream of vegetation in the region close to bed for all three types of 
vegetation. With increasing compactness of vegetation the magnitude of sub-canopy 
flow increases. This may lead to undesirable effects such as additional erosion. On 
the other hand, with the increasing compactness of vegetation, relatively lower and in 
some cases negative time averaged velocity values are observed in the area closer to 
water surface at the downstream of vegetation. This brings about some favorable 
consequences in terms of habitat and ecology as it indicates that such a compact 
vegetation structure providing stream variability in naturally vegetated rivers which 
is vital for the improvement of fish population. Another aspect of the issue is that in a 
flood event the presence of vegetation with a compact foliage and branch structure 
reduces streamwise mean velocity. However, this situation also leads to decrease of 
conveyance capacity and thus elevated water depth values are expected.  
Three types of representative vegetation caused different percentages of sub-canopy 
flow at the downstream of vegetation in the region close to bed. More specifically, 
Type 1 leads to 50-70 %, Type 3 caused to 10-30 % sub-canopy flow. Nevertheless 
the magnitude of sub-canopy flow for Type 2 is extremely limited. The experiments 
showed that the flow is retained by presence of vegetation in the region close to the 
water surface at the downstream of vegetation. More clearly, flow is retained by 
Type 1 30-50 %, 90-110 % by Type 2 and 60-90 % by Type 3. In overall assessment, 
it was concluded that presence of any type of tree with large trunk leads to 0-70 % 
extra sub-canopy flow at the bottom and 30-110 % retaining effect close to the water 
surface. It should be kept in mind that these results should be taken into 
consideration together with the architectural branch and foliage properties of the 
related vegetation.  
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Differing from the results obtained for the centerline of the downstream of 
vegetation, the velocity profiles clearly fit to logarithmic velocity profile at the 0.6Dv 
lateral neighborhood of vegetation axis. Data from the successive neighboring 
locations (at the 0.6Dv lateral neighborhood of vegetation axis) showed unpredictably 
that the highest velocity profile is not at the vertical which is positioned at the same 
cross-section with vegetation. Surprisingly, the highest velocity profiles are observed 
at the further downstream of vegetative element. Additionally, 10-30 % velocity 
increase occurs at 0.6Dv cm neighboring locations in the area closer to water surface 
of vegetative element. However, this percentage increases towards to depth up to 50 
%.  
It was observed that presence of vegetation leads to additional vertical time averaged 
velocity around the interface between Zone 1 and 2 for all types of representative 
vegetation. However, the variation of additional time averaged vertical velocity 
along the depth significantly alters depending on the vegetation type. Generallly 
speaking, Type 1 mitigates time averaged vertical velocity thanks to their long and 
skinny foliages. Type 2 causes to circa 400 % extra time average vertical velocity 
around the interface and 200 % around the water surface. These ratios are 
approximately 400 % and 1000 % for Type 3 around the water surface and interface 
respectively. As could be concluded form these values, the most significant 
contribution to additional time averaged vertical velocity is by Type 3. This 
circumstance can be explained by the extremely stiff foliage nature of Type 3. 
In addition to mean part of velocity characteristics, turbulent components 
(streamwise turbulence intensity, vertical turbulence intensity and turbulence kinetic 
energy) of flow were also examined. In the light of the experimental data it was 
concluded that the variation of streamwise turbulence intensity along the depth is 
significantly different from each other for the three types of vegetation. The 
magnitude of this parameter is not remarkably different from the non-disturbed case 
for Type 1 and Type 3. This could be explained by architectural properties of these 
species (Pinus Pinea and Cupressus Macrocarp). However, Type 1 induces 30-100 
% extra streamwise turbulence intensity around the water surface; in the middle part 
of depth this value takes ±20 %. Type 2 leads to extra streamwise turbulence 
intensity approximately 30-70 % along the depth around the interface that reaches 
the peak of 90 %. Additionally Type 2 is the unique species among the three which 
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causes substantially extra streamwise turbulence intensity. It was observed that 
Type3 may diminish or intensify the streamwise turbulence intensity depending on 
the flow rate in the percentage of ±50 %. With the increasing flow velocity Type 3 
tends to aggravate the turbulence intensity. In conclusion, presence of vegetation can 
mitigate or aggravate the streamwise turbulence intensity depending on the 
architectural characteristics of vegetation. 
The experimental findings showed that, differing from the streamwise turbulence 
intensity, presence of vegetation always remarkably increases the vertical turbulence 
intensity. It was seen that the most intense vertical turbulence occurs about the region 
of the interface for all types of vegetal elements. Also it tends to decrease for all 
three types of vegetation towards to water surface. It could be claimed that 
turbulence intensity is prone to decrease towards to the bed though there was no 
considerably large number of data below the interface. More specifically, presence of 
vegetation produces approximately 50-220 % extra vertical turbulence intensity. This 
ratio takes a value between 10-200 % for Type 2. Type 3 exhibits a different 
character in terms of production of additional vertical turbulence intensity. In the 
region around the water surface, the presence of vegetation lessens or intensifies the 
vertical turbulence intensity (± % 20). However, towards to bed the additional 
turbulence intensity increases and around the interface it reaches the peak and takes 
the value of approximately 200 %.    
So as to acquire more conclusive results about the turbulence component of the flow, 
the turbulence kinetic energy produced by vegetal element was also examined. 
Experimental findings clearly revealed that presence of vegetation produces a 
remarkable degree of additional turbulence kinetic energy which indicates the energy 
dissipative role of vegetative element in a flow field. Furthermore, it was concluded 
that the most significant part of turbulence kinetic energy dissipated around the 
interface for three representative vegetative elements. More precisely, depending on 
the flow rate 100-250 % additional turbulence kinetic energy occurs due to 
vegetation for Type 1 in the middle part of depth. However, this value reaches the 
climax and takes the values between 300-420 % around the water surface. With 
regard to Type 2, additional turbulence kinetic energy is approximately 150-300 % 
around the interface. On the other hand, the additional turbulence kinetic energy ratio 
decreases towards water surface and the magnitude of it is 60-120 %. As for Type 3, 
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the existence of vegetation diminishes turbulence kinetic energy with a percentage of 
10-60 around the region closer to water surface. This is a very distinctive feature for 
Type 3. The additional turbulence kinetic energy ratio exhibits increment from water 
surface to bed and reaches the maximum value around the region closer to interface 
(50-250 %).  
In conclusion, the experimental findings point out that the issue has different aspects 
and those aspects should be rigorously considered during flood plain and bank 
restoration studies. In the light of the data, it was seen that in spite of their porous 
structures, the existence of any type of vegetation considerably disturbs the flow field 
at the downstream of vegetal elements and they dissipate a remarkable amount of 
energy by turbulence. As expected, this effect is more remarkable for the species 
which has relatively more compact foliage, branch structure that has higher 
vegetation intensity parameter. Therefore restoration and designing of floodplains 
without considering these aspects could bring about some unfavorable outcomes. 
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APPENDIX A: THE SIDE VIEW OF PLANTS 
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Figure A.1: The side view of Type 1 (Pinus Pinea) 
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Figure A.2: The side view of Type 2 (Thuja Orientalis) 
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Figure A.3: The side view of Type 2 (Cupressus Macrocarpa) 
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APPENDIX B: THE MEASURED VELOCITY PROFILE 
OF NON-DISTURBED CASE AND MEASURED 
VELOCITY PROFILE AT THE DOWNSTREAM OF 
VEGETATIVE ELEMENT FOR DIFFERENT 
EXPERIMENTS 
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Figure B.1: The measured velocity profile of non-disturbed case and measured velocity 
profile at the downstream of vegetative element for Experiment no: 1 (Type 1, d=25 cm) 
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Figure B.2: The measured velocity profile of non-disturbed case and measured velocity 
profile at the downstream of vegetative element for Experiment no: 2 (Type 1, d=25 cm) 
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Figure B.3: The measured velocity profile of non-disturbed case and measured velocity 
profile at the downstream of vegetative element for Experiment no: 3 (Type 1, d=25 cm) 
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Figure B.4: The measured velocity profile of non-disturbed case and measured velocity 
profile at the downstream of vegetative element for Experiment no: 4 (Type 1, d=25 cm) 
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Figure B.5: The measured velocity profile of non-disturbed case and measured velocity 
profile at the downstream of vegetative element for Experiment no: 5 (Type 1, d=25 cm) 
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Figure B.6: The measured velocity profile of non-disturbed case and measured velocity 
profile at the downstream of vegetative element for Experiment no: 6 (Type 1, d=40 cm) 
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Figure B.7: The measured velocity profile of non-disturbed case and measured velocity 
profile at the downstream of vegetative element for Experiment no: 7 (Type 1, d=40 cm) 
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Figure B.8: The measured velocity profile of non-disturbed case and measured velocity 
profile at the downstream of vegetative element for Experiment no: 8 (Type 1, d=40 cm) 
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Figure B.9: The measured velocity profile of non-disturbed case and measured velocity 
profile at the downstream of vegetative element for Experiment no: 9 (Type 1, d=40cm) 
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Figure B.10: The measured velocity profile of non-disturbed case and measured velocity 
profile at the downstream of vegetative element for Experiment no: 11 (Type 2, d=25 cm) 
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Figure B.11: The measured velocity profile of non-disturbed case and measured velocity 
profile at the downstream of vegetative element for Experiment no: 12 (Type 2, d=25 cm) 
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Figure B.12: The measured velocity profile of non-disturbed case and measured velocity 
profile at the downstream of vegetative element for Experiment no: 13 (Type 2, d=25 cm) 
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Figure B.13: The measured velocity profile of non-disturbed case and measured velocity 
profile at the downstream of vegetative element for Experiment no: 15 (Type 3, d=25 cm) 
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Figure B.14: The measured velocity profile of non-disturbed case and measured velocity 
profile at the downstream of vegetative element for Experiment no: 16 (Type 3, d=25 cm) 
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Figure B.15: The measured velocity profile of non-disturbed case and measured velocity 
profile at the downstream of vegetative element for Experiment no: 17 (Type 3, d=25 cm) 
 
 
0.0
0.2
0.4
0.6
0.8
1.0
0 10 20 30 40 50
Umean (cm/s)
z/
z0
 (-
)
non-disturbed
downstream
 
 
Figure B.16: The measured velocity profile of non-disturbed case and measured velocity 
profile at the downstream of vegetative element for Experiment no: 18 (Type 3, d=25 cm) 
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Figure B.17: The measured velocity profile of non-disturbed case and measured velocity 
profile at the downstream of vegetative element for Experiment no: 19 (Type 3, d=40 cm) 
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Figure B.18: The measured velocity profile of non-disturbed case and measured velocity 
profile at the downstream of vegetative element for Experiment no: 20 (Type 3, d=40 cm) 
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Figure B.19: The measured velocity profile of non-disturbed case and measured velocity 
profile at the downstream of vegetative element for Experiment no: 21 (Type 3, d=40 cm) 
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Figure B.20: The measured velocity profile of non-disturbed case and measured velocity 
profile at the downstream of vegetative element for Experiment no: 22 (Type 3, d=40cm) 
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FOR DIFFERENT EXPERIMENTS 
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Figure C.1: The obtained velocity contours under the effect of vegetation for Experiment no: 
1 (Type 1, d=25 cm) 
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Figure C.2: The obtained velocity contours under the effect of vegetation for Experiment no: 
2 (Type 1, d=25 cm) 
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Figure C.3: The obtained velocity contours under the effect of vegetation for Experiment no: 
3 (Type 1, d=25 cm) 
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Figure C.4: The obtained velocity contours under the effect of vegetation for Experiment no: 
4 (Type 1, d=25 cm) 
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Figure C.5: The obtained velocity contours under the effect of vegetation for Experiment no: 
5 (Type 1, d=25 cm) 
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Figure C.6: The obtained velocity contours under the effect of vegetation for Experiment no: 
6 (Type 1, d=40 cm) 
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Figure C.7: The obtained velocity contours under the effect of vegetation for Experiment no: 
7 (Type 1, d=40 cm) 
 
 
 
 
 
0 100 200
0
0.5
1
1.5
2
uMean: 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
 
 
Figure C.8: The obtained velocity contours under the effect of vegetation for Experiment no: 
8 (Type 1, d=40 cm) 
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Figure C.9: The obtained velocity contours under the effect of vegetation for Experiment no: 
9 (Type 1, d=40 cm) 
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Figure C.10: The obtained velocity contours under the effect of vegetation for Experiment 
no: 1 (Type 2, d=25 cm) 
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Figure C.11: The obtained velocity contours under the effect of vegetation for Experiment 
no: 12 (Type 2, d=25 cm) 
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Figure C.12: The obtained velocity contours under the effect of vegetation for Experiment 
no: 13 (Type 2, d=25 cm) 
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Figure C.13: The obtained velocity contours under the effect of vegetation for Experiment 
no: 15 (Type 3, d=25 cm) 
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Figure C.14: The obtained velocity contours under the effect of vegetation for Experiment 
no: 16 (Type 3, d=25 cm) 
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Figure C.15: The obtained velocity contours under the effect of vegetation for Experiment 
no: 17 (Type 3, d=25 cm) 
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Figure C.16: The obtained velocity contours under the effect of vegetation for Experiment 
no: 18 (Type 3, d=25 cm) 
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Figure C.17: The obtained velocity contours under the effect of vegetation for Experiment 
no: 19 (Type 3, d=40 cm) 
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Figure C.18: The obtained velocity contours under the effect of vegetation for Experiment 
no: 20 (Type 3, d=40 cm) 
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Figure C.19: The obtained velocity contours under the effect of vegetation for Experiment 
no: 21 (Type 3, d=40 cm) 
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Figure C.20: The obtained velocity contours under the effect of vegetation for Experiment 
no: 22 (Type 3, d=40 cm) 
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APPENDIX D: THE MEASURED VELOCITY PROFILES 
AT THE LOCATIONS OF c300, r300, r320, r360 FOR 
DIFFERENT EXPERIMENTS 
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Figure D.1: The measured velocity profiles at the locations of c300, r300, r320, r360 for 
Experiment no: 1 (Type 1, d=25 cm) 
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Figure D.2: The measured velocity profiles at the locations of c300, r300, r320, r360 for 
Experiment no: 2 (Type 1, d=25 cm) 
 145
0.0
0.2
0.4
0.6
0.8
1.0
0 10 20 30 40 50 60
Umean (cm/s)
z/
z0
 (-
)
c300
r300
r320
r360
 
 
Figure D.3: The measured velocity profiles at the locations of c300, r300, r320, r360 for 
Experiment no: 3 (Type 1, d=25 cm) 
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Figure D.4: The measured velocity profiles at the locations of c300, r300, r320, r360 for 
Experiment no: 4 (Type 1, d=25 cm) 
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Figure D.5: The measured velocity profiles at the locations of c300, r300, r320, r360 for 
Experiment no: 5 (Type 1, d=25 cm) 
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Figure D.6: The measured velocity profiles at the locations of c300, r300, r320, r360 for 
Experiment no: 6 (Type 1, d=40 cm) 
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Figure D.7: The measured velocity profiles at the locations of c300, r300, r320, r360 for 
Experiment no: 7 (Type 1, d=40 cm) 
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Figure D.8: The measured velocity profiles at the locations of c300, r300, r320, r360 for 
Experiment no: 8 (Type 1, d=40 cm) 
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Figure D.9: The measured velocity profiles at the locations of c300, r300, r320, r360 for 
Experiment no: 1 (Type 1, d=40 cm) 
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Figure D.10: The measured velocity profiles at the locations of c300, r300, r320, r360 for 
Experiment no: 11 (Type 2, d=25cm) 
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Figure D.11: The measured velocity profiles at the locations of c300, r300, r320, r360 for 
Experiment no: 12 (Type 2, d=40 cm) 
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Figure D.12: The measured velocity profiles at the locations of c300, r300, r320, r360 for 
Experiment no: 13 (Type 2, d=25 cm) 
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Figure D.13: The measured velocity profiles at the locations of c300, r300, r320, r360 for 
Experiment no: 15 (Type 3, d=25 cm) 
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Figure D.14: The measured velocity profiles at the locations of c300, r300, r320, r360 for 
Experiment no: 16 (Type 3, d=25 cm) 
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Figure D.15: The measured velocity profiles at the locations of c300, r300, r320, r360 for 
Experiment no: 17 (Type 3, d=25 cm) 
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Figure D.16: The measured velocity profiles at the locations of c300, r300, r320, r360 for 
Experiment no: 18 (Type 3, d=25 cm) 
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Figure D.17: The measured velocity profiles at the locations of c300, r300, r320, r360 for 
Experiment no: 19 (Type 3, d=40 cm) 
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Figure D.18: The measured velocity profiles at the locations of c300, r300, r320, r360 for 
Experiment no: 20 (Type 3, d=40 cm) 
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Figure D.19: The measured velocity profiles at the locations of c300, r300, r320, r360 for 
Experiment no: 21 (Type 3, d=40 cm) 
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Figure D.1: The measured velocity profiles at the locations of c300, r300, r320, r360 for 
Experiment no: 1 (Type 1, d=40 cm) 
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APPENDIX E: VARIATION OF NORMALIZED 
VEGETATIVE VERTICAL VELOCITY DIFFERENCE 
PARAMETER WITH RESPECT TO RELATIVE DEPTH 
FOR DIFFERENT TYPES 
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Figure E.1: The variation of normalized vegetative vertical velocity difference parameter 
with respect to relative depth for Type 1 
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Figure E.2: The variation of normalized vegetative vertical velocity difference parameter 
with respect to relative depth for Type 2 
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Figure E.3: The variation of normalized vegetative vertical velocity difference parameter 
with respect to relative depth for Type 3 
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APPENDIX F: THE VARIATION OF NORMALIZED 
VEGETATIVE STREAMWISE TURBULENCE 
INTENSITY PARAMETER WITH RESPECT TO 
RELATIVE DEPTH FOR DIFFERENT TYPES 
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Figure F.1: The variation of normalized vegetative streamwise turbulence intensity parameter 
with respect to relative depth for Type 1 
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Figure F.2: The variation of normalized vegetative streamwise turbulence intensity parameter 
with respect to relative depth for Type 2 
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Figure F.3: The variation of normalized vegetative streamwise turbulence intensity parameter 
with respect to relative depth for Type 3 
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APPENDIX G: THE VARIATION OF NORMALIZED 
VEGETATIVE VERTICAL TURBULENCE INTENSITY 
PARAMETER WITH RESPECT TO RELATIVE DEPTH 
FOR DIFFERENT TYPES 
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Figure G.1: The variation of normalized vegetative vertical turbulence intensity parameter 
with respect to relative depth for Type 1 
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Figure G.2: The variation of normalized vegetative vertical turbulence intensity parameter 
with respect to relative depth for Type 2 
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Figure G.3: The variation of normalized vegetative vertical turbulence intensity parameter 
with respect to relative depth for Type 3 
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APPENDIX H: THE VARIATION OF NORMALIZED 
VEGETATIVE TURBULENCE KINETIC ENERGY 
PARAMETER WITH RESPECT TO RELATIVE DEPTH 
FOR DIFFERENT TYPES 
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Figure H.1: The variation of normalized vegetative turbulence kinetic energy parameter with 
respect to relative depth for Type 1 
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Figure H.2: The variation of normalized vegetative turbulence kinetic energy parameter with 
respect to relative depth for Type 2 
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Figure H.3: The variation of normalized vegetative turbulence kinetic energy parameter with 
respect to relative depth for Type 3 
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